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The incorporation of radioactive sulfate into heparin in vivo 
has been demonstrated unequivocally (3) and there is suggestive 
evidence for the reaction in rat liver slices (4). The identifica- 
tion of the radioactive product as heparin was not rigorously 
established in the experiments in vitro, however, and no experi- 
ments have been reported on the incorporation of glucose into 
heparin either in vivo or in vitro. The availability of mouse mast 
cell tumors (5) and the development of a method for the isola- 
tion of heparin in small quantities in a suitable state of purity 
(6) have now permitted an investigation of this problem. 

A thorough study of the mechanism of biosynthesis of heparin 
offers several interesting prospects. One is the revelation of the 
process of formation of the sulfamide bond, a structure almost 
unique among biological compounds. Another is that by a com- 
bined study of the paths of synthesis in mammalian mast cells 
and degradation by bacterial enzymes (7-9) the structure of 
heparin may be determined. Finally, if, as now seems possible, 
heparin does function in the metabolism of lipoproteins, it is at 
least conceivable that defects in the metabolism of heparin may 
be responsible for certain of the abnormalities in lipide metab- 
olism. 

The data in this paper demonstrate that heparin is synthesized 
by slices of mouse mast cell tumor. Sulfate is incorporated into 
both the amide and ester positions and glucose is converted into 
the hexose moieties of the carbohydrate chain. These studies 
provide a firm basis for further investigations of the mechanism 
of biosynthesis of heparin in soluble systems. 


EXPERIMENTAL 


The radioactive glucose (uniformly labeled) and sulfuric acid 
were purchased from the Volk Radioactive Chemical Company. 
All the other compounds were obtained as described in the ac- 
companying paper (6). The mouse mast cell tumors were sup- 
plied by Mr. Arleigh Green of Dr. Thelma Dunn’s laboratory in 
the National Cancer Institute. Bacterial heparinase was pre- 
pared from Flavobactertum heparinum grown on a heparin me- 
dium (7). Acetone powders of the bacteria were extracted with 
0.025 m phosphate buffer, pH 8.0 (10 mg. per ml.) as described 
previously (8). 

After incubation the tissue slices were homogenized and boiled. 
The coagulated tissue was digested with pancreatin, and heparin 
isolated as the cetyltrimethylammonium complex from 1 Mm NaCl 


* A preliminary report of these data has been published (1). 
Subsequently, Spolter and Marx (2) reported the incorporation of 
radioactive sulfate into heparin in homogenates of mouse mast cell 


tumor. 


(6). Aliquots of the final, dialyzed solution were analyzed for 
heparin by both metachromatic (10) and carbazole assays (11). 
A third aliquot was evaporated to dryness on a copper planchet 
and its radioactivity determined. All counts were corrected to 
constant weight. 

Hexosamine was determined by the unmodified procedure of 
Elson and Morgan (12) and .V-acetylhexosamine by the pro- 
cedure of Reissig et al. (13). Heated cellophane membranes 
were used for dialysis (6). 


RESULTS AND DISCUSSION 


Synthesis of Heparin from C™-glucose and S**-sulfate—Slices of 
mouse mast cell tumor were incubated with either radioactive 
glucose or sulfate under the conditions described in Table I and 
heparin isolated in the usual manner. Active incorporation of 
both precursors into heparin continued for a period of at least 2 
hours. If one assumes that no dilution of either precursor by 
nonradioactive intermediates occurred, 0.02 umole of both sub- 
strates was converted to heparin in 2 hours. That value, then, 
sets a minimum for the amount of heparin actually synthesized. 

The isolation of heparin as the cetyltrimethylammonium com- 
plex yields a product that is free of any detectable contaminant 
(6). Nevertheless, owing to the affinity of heparin for many 
compounds and the lack of adequate criteria of homogeneity, it 
must be demonstrated that the observed radioactivity is in 
heparin and not in trace impurities of relatively high specific 
activities. The remainder of the experiments reported in this 
paper are devoted to establishing this point. 

Precipitation of Radioactive Heparin with Cetyltrimethylam- 
monium Bromide—The cetyltrimethylammonium complex of 
heparin is unique in that it precipitates quantitatively from 1 mM 
NaCl. It would be possible, however, for heparin isolated in 
this way to be contaminated by a small percentage of some com- 
pound whose quaternary amine complex was largely soluble in 1 
M NaCl. If this were so, much more of this compound should 
precipitate from 0.5 mM NaCl. 

Therefore, the material precipitating as the cetyltrimethyl- 
ammonium complex from 0.5 mM NaCl was isolated from the in- 
cubations described in Table I. In no case did the total radio- 
activity in this fraction exceed 10 per cent nor the specific 
radioactivity exceed 20 per cent (based on carbazole assay) that 
of the heparin isolated from the same incubation. Whether this 
radioactivity was present in a precursor of heparin, another 
mucopolysaccharide, or a totally unrelated compound was not 
determined. But certainly the radioactivity in the heparin could 
not be derived from contamination by a small percentage of a 
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TABLE [ 
Synthesis of heparin from C'4-glucose and S**-sulfate 

Vessels 1 to 4 contained 3 gm. of mast cell tumor slices and 12.5 
mg. of C'4-glucose (0.36 ue./umole) in 12.5 ml. of Krebs-Ringer 
phosphate buffer, pH 7.4. Vessels 5 and 6 contained 5 gm. of 
mast cell tumor slices, 12.5 mg. of C!®-glucose, and a total of 47 
pmoles of sulfate (1.95 uc./umole). The vessels were aerated with 
95 per cent O2-5 per cent CO: and incubated at 37.5°. Heparin 
was isolated as the cetyltrimethylammonium complex from 1 M 
NaCl. The amounts of heparin recovered as determined by meta- 
chromatic and carbazole assays were in perfect agreement and 
agreed with the weight on the planchet. 


Vessel — ion Heparin 
hrs. mg. c.p.m./meg. 
1 Glucose 0 3.1 14 
2 Glucose 1 2.9 4,040 
3 Glucose 2 2.9 7,560 
4 Glucose 4 3.0 8,140 
5 Sulfate 0 5.0 20 
6 Sulfate 2 4.8 36,000 


compound, most of which precipitates at a lower ionic strength. 

In another control experiment, aliquots of the C'- and S* 
heparin were diluted with 10-fold excesses of nonradioactive 
heparin and chondroitin sulfate. The cetyltrimethylammonium 
complexes of the two mucopolysaccharides were isolated from 1 
m and 0.5 m NaCl, respectively. Ninety per cent of the original 
radioactivity was recovered in the fraction which precipitated 
from 1 Mm NaCl, and 10 per cent in the fraction which precipitated 
from 0.5 m NaCl. 

Absence of Contaminating Protein—Heparin has a strong af- 
finity for many proteins and conceivably these might be carried 
through the isolation procedure if they were resistant to the 
digestion with pancreatin. Samples of the radioactive heparin 
in aqueous solution were extracted repeatedly with chloroform- 
octanol (9:1). No protein was detectable at the interface and 
all of the radioactivity was recovered in the aqueous phase. 
Only protein bound very strongly to the heparin would be ex- 
pected to resist this treatment and there is no evidence for such 
molecules (6). 

Paper Electrophoresis and Paper Chromatography—The many 
sulfate groups of heparin give it a high electrophoretic mobility. 
Samples of the C'- and S**-heparin were subjected to electro- 
phoresis in 0.02 m citrate buffer, pH 4.75, at 500 volts for 4 
hours. The papers were scanned for radioactivity in a paper 
strip counter and stained for acid mucopolysaccharides with 
azure A. Both samples showed a single radioactive and meta- 
chromatic spot whose positions coincided and whose mobility 
was identical to that of heparin. 

When chromatographed on paper in a system of 37 per cent 
propanol in 0.067 m phosphate buffer, pH 6.4, heparin, and most 
other acid mucopolysaccharides, has an Rp of 1 (14). Both the 
C'. and S**-heparin showed a single metachromatic and radio- 
active spot with an Rr of 1 when chromatographed in that 
solvent. In 52 per cent ethanol in 0.067 m phosphate buffer, 
pH 6.4, heparin has an Re of 0 but most other mucopolysac- 
charides (chondroitin sulfate and heparitin sulfate, for example) 
have R,r’s approximating 1. In this system samples of radio- 
active heparin again showed identical metachromatic and radio- 
active areas with an R, of 0. 
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Acid Hydrolysis of Radioactive Heparin—Heparin differs from 
most polysaccharides in the extreme resistance of its glycosidic 
bonds to acid hydrolysis (15). Samples of known heparin and 
chondroitin sulfate were hydrolyzed in 7.5 per cent H2SO, at 
100° for 20 minutes and aliquots assayed for reducing sugars 
(16). With chondroitin sulfate the yield was theoretical for 
complete hydrolysis to hexoses; with heparin the yield of reduc- 
ing groups was less than 40 per cent that calculated for total 
hydrolysis. After hydrolysis of the C'-heparin under identical 
conditions 62 per cent of the radioactivity remained nondialyz- 
able (Table II). 

Both N- and O-sulfate groups of heparin are removed by hy- 
drolysis in 2 Nn HCl but the glycosidic bonds remain essentially 
intact (17). After hydrolysis of the S**-heparin in 2 Nn HCl for 
1 hour all but 12.5 per cent of the radioactivity was lost during 
dialysis (Table IT). 

The N-sulfate bond of heparin is much more labile than the 
O-sulfate (17). Hydrolysis of the S**-heparin in 0.04 n HCl for 
2.5 hours led to the loss of 48 per cent of the radioactivity (Table 
II). A solution of known heparin was treated identically and 
aliquots were analyzed for amino groups by reaction with 2,4- 
dinitrofluorobenzene (18). The theoretical yield was obtained. 
That the O-sulfates were not hydrolyzed was evidenced by the 
retention of metachromatic activity in the final product (de-N- 
sulfated heparin). This result indicates that the radioactive 
sulfate is distributed approximately equally between the amide 
and ester groups. 

Paper Chromatographic Identification of Radioactive Glucos- 
amine—A sample of C'-heparin was autoclaved in 6 N HCl for 
30 minutes and, after removing the acid by repeated evaporation 
to dryness on a steam bath, the residue was suspended in water 
and clarified by centrifugation. An aliquot of the supernatant 
solution was then analyzed according to the procedure of Stoffyn 
and Jeanloz (19) in which hexosamines are degraded by ninhy- 
drin, after their application to the paper, and the resulting pen- 
toses (arabinose from glucosamine, and lyxose from galactos- 
amine) are chromatographed in butanol-ethanol-water (4:1:1). 
When developed with AgNQOs, the heparin hydrolysate showed a 
spot whose R, was identical to that of authentic glucosamine and 
arabinose. This spot was found to be radioactive when analyzed 
by a paper strip counter. Neither sugar nor radioactivity was 
detected with the Rp of lyxose. 

Incubation of C'-heparin with Bacterial Heparinase—Another 
tool for distinguishing heparin from most other mucopolysac- 
charides is its degradation by bacterial heparinase under con- 
trolled conditions. Extracts of F. heparinum adapted to heparin 
degrade heparin, heparitin sulfate, chondroitin sulfate, and hy- 
aluronic acid if incubated at 24° (20). When the bacterial ex- 
tract is preheated at 40° for 5 minutes it loses its ability to 
hydrolyze heparin and heparitin sulfate but has undiminished 
activity with chondroitin sulfate or hyaluronic acid as substrate 
(9). 

Upon incubation of C'-heparin with unheated heparinase for 
1 hour only 16 per cent of the original radioactivity was recover- 
able as the cetyltrimethylammonium complex from 1 m and 0.5 
mM NaCl (Table III). With heated heparinase, 85 per cent of the 
original radioactivity was recovered. In control experiments, 
the results of which are not included in Table III, it was found » 
that the rates of hydrolysis of chondroitin sulfate (formation of 
N-acetylhexosamine) were identical when incubated with un- 
heated and heated enzyme. 
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It is of special interest that in the experiment in which the 
C'-heparin was incubated with heated heparinase most of the 
radioactivity was recovered in the fraction precipitating as the 
cetyltrimethylammonium complex from 0.5 Mm NaCl rather than 
from 1 M NaCl as would be expected for undegraded heparin. 
There must, then, have been some alteration in the molecule 
resulting in this increased solubility of the quaternary amine 
derivative. 

Incubation of S**-heparin with Bacterial Heparinase—Experi- 
ments identical to those just described were carried out with 
S**-heparin as substrate. The results (Table IV) were similar in 
that 45 per cent of the original radioactivity was recovered from 
the vessel containing the heated enzyme and only 22 per cent 
from the vessel with the unheated enzyme after 30 minutes of 
incubation. The difference in total radioactivity recovered from 
the two vessels was especially marked after the first 5 minutes of 
incubation (75 per cent recovery and 33 per cent recovery, respec- 
tively). The inhibition effected by heating the heparinase is 
also clearly shown by comparing the radioactivity in the ma- 
terial precipitated from 1 Mm NaCl (presumably unaltered hep- 
arin). 

There are two obvious differences in the results obtained upon 
incubating the heated heparinase with the two different samples 
of radioactive heparin. The total amount of radioactivity re- 
covered was less and the accumulation of radioactivity in the 
cetyltrimethylammonium complex precipitating from 0.5 mM NaCl 
was not as marked with the S*-heparin compared to the C'- 
heparin. Both these discrepancies may be explained by the 
postulation that heated heparinase is still able to catalyze the 
hydrolysis of the sulfamide bond thus forming de-.\V-sulfated 
heparin. The quaternary amine complex of this compound pre- 
cipitates from 0.5 m NaCl but not from 1 mM NaCl (6). Since 
the radioactivity in the S**-heparin is distributed equally be- 
tween the N- and O-sulfates, it would be expected that de-N- 
sulfated heparin would contain only 50 per cent of the original 
radioactivity. All of the original radioactivity would be re- 
tained, of course, in the de-N-sulfated heparin derived from C'- 
heparin inasmuch as the carbohydrate chain is unaffected. 

If this interpretation is correct then de-N-sulfated heparin 
should accumulate during the incubation of heparin with heated 
heparinase and should be degraded by unheated heparinase. An 
attempt was made to determine the possible formation of this 


TaBLeE II 
Acid hydrolysis of radivactive heparin 

Approximately 0.1 mg. of radioactive heparin was hydrolyzed 
in 1 ml. of acid under the prescribed conditions. The samples 
were then transferred quantitatively to a dialysis sac and dialyzed 
overnight against running tap water. The dialyzed samples were 
evaporated and plated. In each instance control samples were 
carried through the entire procedure, with the exception of the 
hydrolysis, with 100 per cent recovery of radioactivity. 


Conditions of | 

| hydrolysis 
Compound hydrolyzed Acid 

Tempera- 

Time 
min % 

C'4-heparin...... 7.5° 100° 20 | 62 
S*°-heparin...... 0.04 n HCl 100° 150 52 
2.0 HCl 100° | 12.5 
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Taste III 
Incubation of C\4-heparin with bacterial heparinase 


Both vessels contained 0.7 mg. of C'4-heparin (6,000 ¢.p.m./ 
mg.), 7 mg. of nonradioactive carrier heparin, and 1.4 ml. of bac- 
terial heparinase in a total volume of 3.5 ml. of phosphate buffer, 
pH 7.5. Vessel 1 contained unheated heparinase and was incu- 
bated at 24°. Vessel 2 contained heparinase which was preheated 
at 40° for 5 minutes, and was incubated at 40°. At the prescribed 
intervals, aliquots of 0.2 ml. were removed for glucosamine assay 
and aliquots of 0.5 ml. for recovery of radioactivity. The cetyl- 
trimethylammonium complexes precipitating from 1 Mm and 0.5 m 
NaCl were obtained and the mucopolysaccharides isolated and 
counted in the usual manner. 


| Radioactivity recovered 
Vessel Incubation time Glucosamine 
| Im 0.5m | Total 
min, | 520 c.p.m. | c.p.m. c.p.m. 
l 0 351 96 «447 
15 96 129 225 
30 0.19 21 118 139 
60 0.29 13 {| 71 
2 0 0 352 | 93 445 
15 0.01 290 134 424 
30 0.02 lll 248 359 
60 0.03 49 | 350 399 
TaBLe IV 


Incubation of S**-heparin with bacterial heparinase 
The experiment was performed exactly as that deseribed in 
Table III except that S**-heparin (10,000 ¢.p.m. mg.) was used 
instead of C!4-heparin. 


Radioactivity recovered 
Vessel Incubation time | Glucosamine 
| | im | 05m § Total 
min. 520 C.p.m. C.p.m. ¢.d.m. 
1 0 0 649 | 68 | 717 
5 194 43 237 
15 0.04 73 | 120 | 193 
30 0.14 | | 158 
2 0 0 650 69 719 
5 499 , 36 | 535 
15 0.025 261 100-361 
30 0.025 199 127 | 326 


intermediate by following the production of free amino groups. 
However, the high blanks and the presen¢e of proteolytic ac- 
tivity in the crude bacterial extract obscured any changes which 
might have occurred. It was possible, however, to demonstrate 
that the de-N-sulfated heparin is hydrolyzed as well as heparin 
by unheated heparinase. 


SUMMARY 


It has been demonstrated that C'-glucose and S**-sulfate are 
converted by mouse mast cell tumor slices into a mucopolysac- 
charide indistinguishable from heparin. The identification has 
been established on the basis of the following criteria. The pro- 
cedure used for the isolation of heparin is known to give a prod- 
uct free from detectable contaminants and from high biological 
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activity. Upon reprecipitation of the cetyltrimethylammonium 
complex in the presence of carrier, nonradioactive heparin and 
chondroitin sulfate, the radioactivity remained with the heparin. 
The radioactive samples were free from demonstrable protein. 
The product was homogeneous and indistinguishable from hep- 
arin by paper electrophoresis and paper chromatography. Acid 
hydrolysis of the radioactive compounds under a variety of con- 
ditions and degradation by bacterial heparinase gave the antici- 
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pated results. Radioactive glucosamine was determined chro- 
matographically in acid hydrolysates of C'-heparin. Although 
lack of knowledge of the exact chemical structure of heparin and 
the absence of adequate means for demonstrating its homo- 
geneity make any single criterion insufficient, it is felt that the 
combined evidence presented in this paper is sufficient to estab- 
lish the identity of the radioactive compounds as heparin. 
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Despite the fact that heparin possesses rather striking biolog- 
ical activities, little is known of its structure, its metabolism, or 
its true physiological function. Heparin is a potent anticoagu- 
lant and when injected in extremely small amounts induces the 
appearance of lipoprotein lipase in the circulation. Yet its role 
as a physiological anticoagulant has often been doubted (2) and, 
although there is some evidence that it, or a similar mucopoly- 
saccharide, may be an integral part of lipoprotein lipase (3), the 
function of heparin in lipoprotein metabolism is still unproven. 

Similarly, the fine structure of heparin is completely unknown 
and, although the compound can be synthesized by mammalian 
tissues, nothing of this anabolic path has been worked out. 
There is no convincing evidence that mammalian tissues can 
degrade heparin (4). A bacterial “heparinase” has been de- 
scribed (5-7). 

Heparin is localized in mast cells. Mast cell tumors of spon- 
taneous origin occur in several species and these, as well as the 
normal mast cell, contain high concentrations of histamine and, 
in some species, serotonin in addition to heparin (8). Recently, 
a mast cell tumor was experimentally induced in mice by Dunn 
and Potter (9). Preliminary investigation indicated that it con- 
tained a high content of heparin and it seemed, therefore, ideally 
suited to a thorough study of the nature and intracellular dis- 
tribution of heparin and the mechanism of biosynthesis of this 
mucopolysaccharide. 

None of the usual methods of isolation of heparin is both 
quantitative in recovery and sufficiently selective for heparin as 
to be applicable to biosynthetic studies. Such a method has, 
therefore, been developed and is described in detail in this paper. 
Data are also presented which establish that the heparin of mast 
cells is contained in particles that can be sedimented by cen- 
trifuging at 10,000 x g for 10 minutes. This observation is in- 
compatible with one previously reported (10) and possible ex- 
planations of this discrepancy are discussed. 


EXPERIMENTAL 


Material and Methods 


The commercial heparin was a gift of Dr. L. L. Coleman of 
The Upjohn Company. Heparitin sulfate and chondroitin sul- 
fate B were a gift of Dr. Karl Meyer. Chondroitin sulfate A and 
hyaluronic acid were purchased from the Nutritional Biochem- 
icals Corporation, cetyltrimethylammonium bromide from East- 
man Organic Chemicals, and pancreatin from Parke, Davis and 


*A preliminary report of some of the data in this paper was 
presented before the American Society of Biological Chemists, 
(1), 


Company. The pancreatin (panteric granules) was ground to a 
fine powder before use. 

De-N-sulfated heparin was prepared from heparin by hy- 
drolysis in 0.04 N HCI at 100° until all of the N-sulfate was re- 
moved (11). The appearance of the free amino groups was fol- 
lowed by reacting them with 2,4-dinitrofluorobenzene. Little, 
if any, of the O-sulfate was removed as demonstrated by the re- 
tention of metachromatic activity in the final product. 

The cellophane tubing used for dialysis was heated for 3 days 
in a dry oven at 85° to reduce the pore size sufficiently to retain 
heparin quantitatively. The tubing was washed well with 1 m 
NaCl and running tap water to remove impurities which inter- 
fered with the assays for heparin. 

The mast cell tumor was originally isolated from a strain 
DBAf/2 mouse painted with 0.2 per cent methylcholanthrene in 
ether 3 times weekly for 7 weeks. The tumor has been carried 
subcutaneously by Dr. Thelma Dunn for approximately 49 gen- 
erations (34 years) with little loss in differentiation. The tumors 
used in these experiments were harvested 14 days after trans- 
plantation at which time their average mass was 1 to2gm. The 
mice would have died in about 17 days if they were not killed. 

Heparin was routinely determined by both a modified meta- 
chromatic assay with azure A (12) and, in most instances, by the 
earbazole method (13). These measure essentially independent 
parameters; one depending on the polyanionic nature of heparin, 
the other on its content of glucuronic acid. Commercial heparin 
(120 units per mg.) was used as a standard for both determina- 
tions. Other acid mucopolysaccharides are readily distinguish- 
able from heparin. They have much less metachromatic ac- 
tivity per mole of uronic acid. In several experiments, heparin 
was further identified, and its purity assessed, by paper chroma- 
tography, paper electrophoresis, anticoagulant activity, optical 
rotation, digestion by bacterial enzymes, and acid hydrolysis. 


Procedure for Isolation of Heparin 


The following procedure is that which was finally developed. 
Some of the preliminary experiments which led to it and which 
delineate the several parameters are described later. 

Step I—Homogenize the tissue in approximately 5 volumes of 
0.5 m phosphate buffer, pH 8.5 to 9.0, and boil the mixture for 
several minutes to coagulate the protein. Alternatively, an 
acetone-dried powder of the tissue may be prepared and sus- 
pended in a comparable volume of buffer. 

Step II—Cool the mixture to room temperature and add 5 


1IT am indebted to Mr. Arleigh Green of Dr. Dunn's laboratory 
for supplying the tumor tissue. 


1325 


. 6 
ro- 
gh | 
0- 
the | 
ib- 
24 | 

| 
J. | 
| 
n., 
nd | 

| 

| 

| 

| 
| 


1326 


mg. of pancreatin for every gram of original tissue (wet weight). 
Incubate at 37° overnight. 

Step IIJ—Boil the suspension, centrifuge, and wash the pre- 
cipitate well with water. Dialyze the combined supernatant 
solutions overnight against running tap water. Remove any 
precipitate which forms during the dialysis. 

Step I1V—Add sufficient dry NaCl to the dialyzed solution to 
make it 0.5 m and then add an excess of 2 per cent cetyltrimethyl- 
ammonium bromide (1 to 2 ml. per 50 ml. of solution). Stir 
well, add sufficient Celite to adsorb all of the precipitate and 
again stir well. The cetyltrimethylammonium-heparin complex 
is less dense than the solution and will not sediment unless first 
adsorbed onto Celite. Collect the precipitate by centrifuga- 
tion. 

Step V—Suspend the precipitate in 4 m NaCl. (Often a 
volume equal to one-fourth the volume of the 0.5 Mm NaCl solu- 
tion has been found convenient.) The cetyltrimethylammo- 
nium-heparin complex dissociates at this ionic strength. After 
a few minutes dilute with distilled water to 1 m NaCl, add an 
excess of cetyltrimethylammonium bromide, and again collect 
the precipitated heparin adsorbed onto the Celite. Reprecipi- 
tate the heparin several times by this procedure. 

Step VI—Wash the final precipitate twice with a relatively 
large volume of distilled water to remove the excess cetyltri- 
methylammonium bromide. Then elute the heparin from the 
Celite with several aliquots of 4 m NaCl, transferring the eluates 
into another centrifuge tube. 

Step VIIJ—Dilute the solution with distilled water to 2 M 
NaCl and add an excess of 1 mM KCNS (approximately 0.5 ml. 
per 10 ml. of solution). The extremely insoluble cetyltrimethyl- 
ammonium thiocyanate forms. Add Celite and remove the pre- 
cipitate. 

Step VIIJIJ—Dialyze the final solution against running tap 
water overnight and then against distilled water. Assay for 
heparin. 

Precipitation of Heparin as Cetyltrimethylammonium Complex 
—The pertinent data on the isolation of heparin from solu- 
tions of NaCl are summarized in Table I. At molarities of 


TABLE I 

Precipitation of heparin as cetyltrimethylammonium complex 

Heparin was dissolved in NaCl at the concentrations indicated 
and cetyltrimethylammonium bromide added as a 2 per cent solu- 
tion. Celite was added, and the precipitate collected and washed 
twice with water by centrifugation. Heparin was eluted from 
the Celite with several aliquots of 4 Mm NaCl. The combined 
supernatant solutions were diluted to 2M NaCl and excess KCNS 
added to remove the cetyltrimethylammonium ion. Heparin 
was determined in this final supernatant solution without prior 
dialysis. 


Cetyltrimethy!- NaCl 


Heparin ammonium bromide | Recovery 
pe./ mil. pe./ml. | M % 

200) 50 1.00 | 15 
200 100 1.00 : 35 
200 200 1.00 66 
200 | 500 1.00 100 
200 | 500 1.25 25 
200 500 1.50 10 
200 5OO 2.00 | 
ghee 500 1.00 100 
1.00 
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NaCl greater than 1.0 the heparin-quaternary amine complex is 
partially or totally dissociated and the recovery of heparin is 
correspondingly incomplete. At concentrations of NaCl of 1 M, 
or less, the recovery of as little as 25 wg. of heparin per ml. is quan- 
titative. Both the metachromatic and carbazole assays are re- 
producible within 0.005 absorbance unit which, with aliquots of 
0.2 ml. and 1.0 ml., respectively, permits the determination of hep- 
arin at a concentration of 100 ug. per ml. with a maximal error 
of +2.5 per cent. At higher concentrations of heparin, the 
margin of error in the carbazole assay is reduced to +1.0 per 
cent but the accuracy of the metachromatic assay is limited by 
the fact that it cannot be used at absorbances greater than 0.25, 
In all the experiments described here the concentration of hep- 
arin in the solution to be assaved was greater than 100 ug. per 
ml. and, within the above limits of error, there was no loss of 
heparin when isolated under the appropriate conditions. 

Whereas, the cetyltrimethylammonium-heparin complex pre- 
cipitates quantitatively from 1 mM NaCl, the quaternary amine 
complexes of all other acid mucopolysaccharides are completely 
recovered only at much lower molarities of NaCl (Table II). 
Similarly, the cetyltrimethylammonium complex of nucleic acids 
is soluble at ionic strengths above 0.3 Mm NaCl (14). The greater 
insolubility of its cetyltrimethylammonium complex not only 
permits the isolation of heparin free from most contaminants but 
also provides a basis for the qualitative identification of heparin. 

Isolation of Heparin from Beef Lung and Mast Cell Tumor— 
An experiment was performed to determine the amount of pan- 
creatin necessary for maximal recovery of heparin from beef 
lung. It was found (Table III) that 5 mg. of pancreatin per gm. 
of tissue (wet weight) was sufficient. Neither increasing the 
concentration of pancreatin nor adding a second period of in- 
cubation with additional pancreatin increased the yield of hep- 
arin. Shorter periods of incubation were not tried. 

Application of this procedure to the isolation of heparin from 
mouse mast cell tumor resulted in yields of from 1 to 2 mg. per 
gm. of tissue. Only 50 per cent as much heparin was recovered 
when the tissue was extracted with either 2 m KCNS (15) or 
alkaline ammonium sulfate (16) instead of digesting it with 
pancreatin. 

In control experiments, heparin was recovered quantitatively 
after incubation overnight with pancreatin (4 mg. of heparin, 
100 mg. of pancreatin), and heparin was recovered quantita- 
tively when added to the original homogenates of beef lung and 
tumor tissue. 

The reproducibility of this isolation procedure may be assessed 
from the following experiments. Three 10-gm. portions of beef 
lung were separately digested with 40, 80, and 160 mg. of pan- 
creatin and, thereafter, heparin isolated in the usual manner. 
The absorbances of equivalent aliquots of the final solutions 
were, respectively, 0.09, 0.11, and 0.10 in the metachromatic 
assay and 0.17, 0.19, and 0.17 in the carbazole assay. In another 
experiment, one portion of a mast cell tumor homogenate was 
digested with pancreatin for one period of 24 hours and another 
portion for two periods of 24 hours each. Equivalent aliquots of 
the solutions of heparin obtained from these two samples were 
assayed for metachromatic activity giving absorbances of 0.115 
and 0.110. 

Characterization of Heparin Isolated from Mast Cell Tumor— 
Forty mg. of heparin were isolated from a large batch of mouse 
mast cell tumor by the above procedure including four precipi- 
tations as the cetyltrimethvlammonium complex. The final 
product was then characterized by a variety of methods all of 
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which indicated its identity with commercial heparin and its 
relatively high state of purity. 

The heparin was subjected to paper electrophoresis in 0.02 m 
citrate buffer, pH 4.75, for 4 hours at 500 volts. A single meta- 
chromatic spot was found with a mobility identical to that of 
known heparin. Other aliquots were chromatographed on paper 
in 52 per cent ethanol in 0.067 m phosphate buffer, pH 6.4, and 
in 37 per cent propanol in 0.067 phosphate buffer, pH 6.4 (17). 
A single metachromatic spot was observed in both instances. 
Their Rp’s were identical to that of heparin. 

The rate of liberation of free amino groups upon hydrolysis in 
0.04 N HCl at 100° was identical for the heparin isolated from 
mast cells and commercial heparin, and in both instances theo- 
retical yields were obtained. The mast cell heparin and com- 
mercial heparin were likewise indistinguishable during hydroly- 
sis by bacterial heparinase (7). 

The heparin was also characterized by precipitation as the 
cetyltrimethylammonium complex. It was quantitatively re- 
covered after precipitation from 1 m NaCl under conditions 
identical to those described in Table IT. 

A sample was dried overnight over P.O; and dissolved in water. 
The concentration of heparin was 10.0 mg. per ml. by weight, 
11 mg. per ml. by carbazole assay, and 9.5 mg. per ml. by meta- 
chromatic assay. This same sample was found to have a specific 
optical rotation of +34.6 and an anticoagulant activity of 90 to 
100 units per mg. determined by the turbidification time of re- 
calcified human plasma. The following analytical data were ob- 
tained on another sample of heparin isolated from mast cell 
tumors by the same procedure: C 19.76; N 2.2; 8 11.76. 

Intracellular Distribution of Heparin—Approximately 5 to 10 
gm. of tumor were homogenized in 10 volumes of either 0.25 m 
sucrose, 0.88 M sucrose, or isotonic phosphate buffer, pH 7.5 and 
9.0. The tissue was ground in a Potter-Elvehjem glass homo- 
genizer for two periods of 2 minutes each. The tube was kept 
immersed in ice water throughout the entire procedure. 

The homogenates were centrifuged at 60 xX g for 10 minutes, 
and the gelatinous precipitate resuspended in the same solution 
as that used for the original homogenization and recentrifuged. 
The combined supernatant solutions were then centrifuged at 
10,000 x g for 10 minutes. Again the pellets were resuspended 
and recentrifuged. The combined supernatant solutions were 
centrifuged at 35,000 x g for 30 minutes. The final supernatant 
solutions were dialyzed against tap water to remove the sucrose 
or phosphate and lyophilized to reduce the volume. Heparin 
was then isolated from each fraction. Identical results were ob- 
tained irrespective of the nature of the medium used for the 
homogenization. 

It is apparent from the data in Table IV that most of the 
heparin of the mast cell tumor is readily sedimented. None of 
the heparin remaining in solution after centrifuging at 35,000 x g 
was sedimented by centrifuging at 100,000 x g. In one experi- 
ment 5 subfractions were isolated by centrifuging at forces be- 
tween 60 X g and 10,000 x g. Heparin was distributed uni- 
formly throughout those fractions. 

It would seem most reasonable to assume that the heparin 
found in the material sedimenting at 60 X g represents particles 
or soluble heparin adsorbed onto the extremely viscous precipi- 
tate. The heparin remaining in solution after centrifugation at 
100,000 * g may have come from particles ruptured during the 
homogenization or subsequent manipulations. Probably, hep- 
arin exists in situ in those particles (granules) that sediment 
largely over the range of 100 x g to 10,000 X g. 


BE. D. Korn 
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II 


Precipitation of mucopolysaccharides as 
cetyltrimethylammontum complexes 


The mucopolysaccharides were dissolved at a concentration of 
25 ug./ml. in 1 M, 0.6m, and 0.25 Mm NaCl. An excess of cetyltri- 
methylammonium bromide was added to each tube and the pre- 
cipitate recovered in the usual manner. The compounds were 
assayed by the carbazole method without prior dialysis. 


Molarity of NaCl 


Compound 
1.0 | 0.5 | 0.25 
precipitated 
Heparitin sulfate... Bot 
Chondroitin sulfate A... .. 29 | 7 | 100 
Chondroitin sulfate B 31 82 100 
Hyaluronic acid............ 15 | 22 | 100 
Tasce III 


Isolation of heparin from beef lung 


Ten gm. of lung were homogenized in 0.5 mM phosphate buffer, 
pH 9.0, and incubated with pancreatin overnight at 37°. Heparin 
was isolated by the usual procedure and assayed by both the 
metachromatic and carbazole methods. 


Pancreatin Heparin 
mg. / gm. wg. / gm. 
1 
25 
4 71 
71 


Nature of Intracellular Heparin—Granules were prepared by 
centrifuging at 10,000 x g after first discarding the material 
which sedimented at 60 x g. All of the heparin contained in 
the granules could be released by either freezing and thawing the 
granules, lysing the granules in distilled water or hypotonic 
phosphate buffer, exposing them to sonic oscillation, or simply 
boiling the granules for several minutes. After any one of these 
treatments essentially all of the heparin remained in the super- 
natant solution after centrifugation at 100,000 x g for 1 hour. 
The solutions obtained by lysis in dilute phosphate buffer and 
sonic oscillation were similar and contained heparin and protein 
ina 1:10 ratio. The solution obtained by boiling the granules 
contained heparin and protein in a 1:3 ratio. Several attempts 
were made to determine if the solubilized heparin was in the 


Tasie IV 
Intracellular distribution of heparin in mast cells 
The details of this experiment are described in the text. 


Centrifugal fraction Heparin 
| mg./gm. of tissue % distribution 
60 X g, precipitate. ........ | 0.21 16 
10,000 X g, precipitate 0.83 64 
35,000 X g, precipitate... 0.11 8 
35,000 KX g, supernatant ..... | 0.16 | 12 
Lae 100 
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form of a protein complex. All of the experiments described be- 
low were carried out with each of the preparations of solubilized 
mast cell heparin. Essentially identical results were obtained. 

Unlike commercial heparin, the solubilized heparin could not 
be filtered through unheated dialysis membranes. However, 
when commercial heparin was added to these solutions it too was 
quantitatively retained by the unheated membranes. 

The solubilized mast cell heparin was indistinguishable from 
commercial heparin by both paper electrophoresis and paper 
chromatography. Several ninhydrin-positive spots were ob- 
served with electrophoretic mobilities overlapping that of hep- 
arin. None corresponded exactly. To determine if any of these 
compounds were associated with heparin, the heparin was pre- 
cipitated from solution by adding acetone to a final concen- 
tration of 66 per cent. The precipitate was redissolved and 
subjected to paper electrophoresis. This time no ninhydrin- 
positive spot was present in the area containing the heparin. 


DISCUSSION 


The procedure for the isolation of heparin described in this 
paper has several advantages over those previously employed. 
Other methods of extraction are less quantitative and may lead 
to alterations in the product, especially those employing alkaline 
conditions. Many other procedures, notably that of Freeman 
et al. (18), employ proteolytic digestion at some stage but pre- 
scribe the use of partially purified enzymes. There is a definite 
advantage in the use of a crude pancreatic extract. The many 
proteolytic enzymes present ensure the complete digestion of 
susceptible proteins to dialyzable fragments. There is no risk 
involved in that the pancreatic extract has no heparinase ac- 
tivity and its content of heparin is negligible. Simultaneous di- 
alysis of the digestion mixture, which has been recommended 
previously (18), is unnecessary. The thermodynamics of pro- 
teolysis are such that the accumulation of end products does not 
significantly interfere with hydrolysis. 

The precipitation of acidic carbohydrates by quaternary 
amines has been partially exploited by others (19). Application 
of this technique to the isolation of heparin is extremely advan- 
tageous in that only heparin is precipitated quantitatively from 1 
mM NaCl as the cetyltrimethylammonium complex. With several 
reprecipitations, heparin can be completely separated from any 
known compound. (Heparin prepared in this manner from 
slices of mast cell tumor previously incubated with radioactive 
glucose or sulfate is not contaminated by any labeled compound 
(20).) 

Thus, with a minimum of effort heparin of a relatively high 
purity may readily be isolated. The method is especially useful 
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for the routine isolation of heparin from many samples on a small 
scale as would be necessary in most biochemical studies. 

The data in this paper provide definite support for the opinion 
of most cytologists that heparin is contained in the granules of 
mast cells (8). Julen et al. (21), however, believe that the meta- 
chromatic material of mast cells is located in the cytoplasm im- 
mediately surrounding the granules. They gained further sup- 
port for this view by isolating granules which were free from 
heparin by differential centrifugation of a homogenate of ox liver 
capsule, a tissue rich in mast cells (10). In view of the demon- 
strated fragility of the granules, however, their data must be re- 
interpreted. The liver capsule was stored in the frozen state, 
then thawed, trimmed of extraneous tissue, refrozen, and pow- 
dered. The thawing powder was ground in a mortar to disrupt 
the cells. It is not unreasonable to suppose that during this 
process the granules were ruptured and the heparin released.” 

Of the total heparin in the ox liver capsule homogenate pre- 
pared as described above, Snellman et al. (24) isolated 15 per cent 
in the supernatant solution after centrifuging at 60,000 x 4g. 
This heparin was in the form of a lipoprotein complex and the 
authors concluded heparin existed in this state, in situ. How- 
ever, the presence of heparin in any form in this fraction may 
be a methodological artifact and heparin is known to have a 
strong affinity for lipoproteins (25). Indeed, the heparin-lipo- 
protein complex described by Snellman and his collaborators is 
capable of binding additional heparin as are the proteins present 
in the granule extracts described in this paper. None of the 
available evidence is incompatible with the simplest assumption 
that heparin exists in mast cell granules unbound to protein or, 
at most, held by freely dissociable bonds. 


SUMMARY 


A procedure is described for the isolation of heparin from 
tissues by digestion with crude pancreatic extract followed by 
precipitation of the mucopolysaccharide from 1 M NaCl as the 
cetyltrimethylammonium complex. Heparin of relatively high 
purity is readily obtained in good yield. The application of 
this method to the isolation of heparin from mouse mast cell tu- 
mor has demonstrated that most of the heparin is contained in 
particles which are sedimented by centrifuging at 10,000 x g for 
10 minutes. Heparin could be released from these particles by 
any of several mild procedures. No evidence was found for the 
existence of a firmly bound heparin-protein complex. 


* After completion of the experiments described in this paper an 
abstract appeared in which it was reported that granules isolated 
ultracentrifugally from a different mast cell tumor (22) also con- 
tain most of the heparin (23). 
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It has been proposed by Rapoport and Luebering (1, 2) that 
p-2,3-diphosphoglyceric acid is formed from p-1 ,3-diphospho- 
glyceric acid by a specific mutase, diphosphoglycerate mutase, 
which catalyzes Reaction 1. 


COOPO.H: COOH 
| 

CHOH + CHOH on 
| 

CH,OPO;:H: CH:OPO;H: 


COOH COOH 


CHOPO;H: + CHOH 


CH,OPO;H:  CH:OPO;H: (1) 


Although the diphosphoglycerate mutase was reported to oc- 
cur only in erythrocytes which contain 2,3-DPGA! (1, 2), Rapo- 
port et al. (3) have recently found this enzymatic activity in rab- 
bit muscle. 

We have shown with the aid of specific methods and by the 
isolation of 2,3-DPGA that there is diphosphoglyceric acid mu- 
tase activity in many tissues, particularly in muscle (4-6), and 
that there is no correlation between the presence of the enzyme 
and endogenous 2,3-DPGA in tissues. 

The highly sensitive and specific methods for 2,3-DPGA meas- 
urements (5) and the high activity for diphosphoglyceric acid 
mutase found in chicken breast muscle (5, 6), made possible the 
further study of the enzyme. 

This paper presents the partial purification of the diphospho- 
glyceric acid mutase from chicken breast muscle, some of the 
properties of the purified enzyme, and a comparison with the 
previously described enzyme from erythrocytes. 


MATERIALS AND METHODS 


Procedures for the determination of 2,3-DPGA, pyruvic acid, 
and p-3-phosphoglyceric acid have been described previously 
(5, 7). Protein was estimated by the modified biuret reaction 
of Mokrasch et al. (8). 1,3-DPGA was enzymatically synthe- 
sized and determined by the method of Negelein (9). Phospho- 
glyceric acid mutase, enolase, pyruvic kinase, glycerate 2,3- 
diphosphatase, and 3-phosphoglycerate phosphatase were assayed 


* Supported by a grant from the American Heart Association. 

1 The abbreviations used are: 2,3-DPGA, p-2,3-diphosphogly- 
ceric acid; 1,3-DPGA, pb-1,3-diphosphoglyceric acid; 2-PGA and 
3-PGA, p-2- and 6-3-phosphoglyceric acid, respectively; EDTA, 
ethylenediaminetetraacetic acid; Tris, tris(hydroxymethy])ami- 
nomethane. 


as previously described (7, 10, 11). Phosphoglycerate kinase 
was estimated by the method of Axelrod (12) except that the in- 
cubation period was 10 minutes. 

3-PGA (free from 2,3-DPGA) and 2,3-DPGA were prepared 
as previously described (4, 5). 
phosphoric acid, dioxane complex, was obtained from the Califor- 
nia Corporation for Biochemical Research. Twice crystallized 
aleohol dehydrogenase and crystalline glyceraldehyde phos- 
phate dehydrogenase were obtained from Sigma Chemical Com- 
pany. Chicken breast acetone powder, phosphoglyceric acid 
mutase, enolase, and pyruvic kinase were prepared as previously 
described (5). Phosphoglycerate kinase was prepared from water 
extracts 4:1 (volume per weight) of wheat germ. The fraction 
precipitating after addition of 1 volume of saturated (0°) am- 
monium sulfate at pH 7 was discarded. The precipitate formed 
by further addition of another volume of ammonium sulfate was 
collected. This fraction contained the bulk of phosphoglycerate 
kinase as well as considerable phosphoglyceric acid mutase, eno- 
lase, and pyruvic kinase activities. This fraction was free from 
diphosphoglycerate mutase. Hydroxylapatite was prepared by 
the method of Tiselius et al. (13) and calcium phosphate gel by 
the method of Keilin and Hartree (14) as previously modified 
(15). t-Thyroxine was a gift of Dr. Hemming of Smith, Kline 
and French Laboratories. Wheat germ, General Mills (S-50), 
was a gift of Dr. J. S. Andrews. We wish to thank Dr. Henry 
Buehler for a gift of Anheuser Busch dried bottom yeast. Other 
materials were commercial products. 


Assay 


Method A—For the routine assay of diphosphoglycerate mu- 
tase the following components were mixed in a final volume of 1 
ml: 100 wmoles of Tris-phosphate buffer, pH 7.3 (5); 10 umoles 
of MgSO,; 4 wmoles of ATP; 15 uwmoles of purified 3-PGA (5); 
approximately 3 units (12) of phosphoglycerate kinase, and the 
sample tested. After an incubation of 20 minutes at 38°, the re- 
action was stopped by the addition of 2 ml. of 1 Nn HCIO,. 
After centrifugation, a 2-m]. aliquot was neutralized with 1 ml. 
of 1.5 nN KOH. After cooling, the precipitated KCIO, was re- 
moved by centrifugation. Although this method uses coupled 
reactions, it does not require the biosynthesis and isolation of 
the highly unstable 1 ,3-DPGA, and was therefore used routinely 
during purification. 

Method B—In a total volume of 0.15 ml., approximately 0.5 
umole of 1,3-DPGA at pH 7.0, 2 umoles of Tris, pH 7, and en- 
zyme were mixed and incubated at 27° for 10 minutes. The 
reaction was stopped by the addition of 0.05 ml. of 0.5 n HCIO,. 
To insure destruction of the enzymes and of residual 1,3-DPGA 
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the tubes were warmed to 60° in a water bath for 5 minutes, and 
then neutralized by the addition of 0.05 ml. of 0.56 nw NaOH. 

The 2,3-DPGA synthesized was estimated by the assay pro- 
cedures No. 2 or 4 described previously (5). 


Definition of Enzyme Unit and Specific Activity 


A unit of enzyme is defined as the amount of enzyme which 
forms 1 ymole of 2,3-DPGA under the conditions of the assay 
method A. Specific activity is defined as the enzyme units per 
mg. of protein. The activity by method B (after corrections for 
length of incubation and lower temperature used because of the 
extreme instability of 1,3-DPGA) was comparable. 


EXPERIMENTAL 


All operations during fractionation were carried out at 0°. 
All centrifugations were continued until clear separations were 
obtained at a speed of 4,000 xX g unless otherwise stated. Ma- 
terials used during the fractionation were measured and added at 
0°, except for the 0.56 m NasHPO,. The (NH4).SO, solutions 
were saturated at 0°. Disodium EDTA was used. 


Purification 


In a typical preparation, 75 gm. of chicken breast muscle 
acetone powder were extracted by gently stirring with 10 vol- 
umes of deionized water for 10 minutes. After centrifuging for 
10 minutes, the supernatant fluid was filtered through cheese- 
cloth. To the filtrate (crude extract) 1.25 volumes of saturated 
(NH,)2SO,, pH 5.5, were added and the precipitate was discarded 
after centrifuging for 15 minutes. Then 1.3 volumes of saturated 
(NH,)2S8O,, pH 5.5, were added to the supernatant fluid and this 
mixture was centrifuged for 25 minutes. The precipitate was 
suspended in a few milliliters of the supernatant fluid and then 
centrifuged at 25,000 x g for 20 minutes. The precipitate was 
dissolved in water, neutralized to about pH 7 with 1.5 n NaOH 
(about 1 ml. needed) and the protein concentration of this frac- 
tion, ASF I, was adjusted to 20 + 2 mg. perml. To the ASF I, 
0.1 volume of 0.5 M sodium acetate buffer, pH 5.6, and 0.25 vol- 
ume of 0.01 M uranium acetate were added. The mixture was 
warmed in a 38° water bath for 14 minutes, chilled, and centri- 
fuged for 15 minutes. The precipitate was dissolved in water 
(one-half the volume of ASF I) and 0.1 volume of 0.5 m Na:HPO, 
was added. The preparation was frozen, thawed, and centri- 
fuged for 10 minutes. ‘To the supernatant fluid (UrF) 4 volumes 
of water and 0.5 volume of phosphate gel (21 mg. per ml.) were 
added. After 10 minutes, the mixture was centrifuged for 5 
minutes and the gel was eluted twice for 10 minutes with 0.2 m 
sodium phosphate buffer, pH 7.2 (0.45 volume of UrF). The 
enzymatic activity of the combined supernatant fluids (PF I) 
was concentrated by the addition of 5 volumes of saturated 
(NH,)o80,, pH 5.5, and 1 volume of 0.2M EDTA. The mixture 
was centrifuged for 20 minutes, and the precipitate was suspended 
in a few milliliters of supernatant fluid and recentrifuged for 15 
minutes at 25,000 x g. The precipitate was dissolved in water, 
(0.1 volume of PF I) and any insoluble material was discarded 
after centrifugation. This fraction, ASF II, was mixed with 3 
volumes of 0.001 m sodium phosphate buffer, pH 6.8, and about 
1 volume of hydroxylapatite (13) (preliminary titration for 
optimal adsorption is required). After 10 minutes the mixture 
was centrifuged for 5 minutes and the precipitate was eluted for 
10 minutes with 0.1 m sodium phosphate (2 volumes of ASF IT) 
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TaB_e 
Purification of diphosphoglyceric acid mutase from muscle 


Total | Total® Total Specifi 
Fraction | | | J | Yield 
mi. mg. | % 
Crude extract ...... 620 | 37,200 | 16,850 2.2 | 100 
MPS: 6k 400 30,900 | 8,200 3.8 83 
208 | 27,200} 3,499} 7.8 | 73 
190 18,600 | 1,180 15.8 50 
24.5 17,000 838 | 20.3 46 
Eee | 48 4,590 90| 36.8 | 12 
4.6 | 2,990 55.5 | 


* The conditions of the assay method A described in the text 
were used. 

t The vield and specific activity depend greatly on the initial 
activity of the acetone powder. In several instances with acetone 
powders of low activity the specific activity of the best fraction 
was only 45. 


and centrifuged for 5 minutes. This fraction (PF II) was con- 
centrated by the addition of 5 volumes of saturated (NH,).SO,, 
pH 7, and 1 volume of 0.2m EDTA. The mixture was centri- 
fuged at 25,000 x g for 20 minutes and the precipitate was dis- 
solved in water (0.1 volume of PF II). Any insoluble material 
was discarded after centrifugation for 10 minutes. The super- 
natant fluid is ASF III. 
A summary of the purification is shown in Table I. 


Properties of Enzyme 


Effect of pH—The effect of pH upon diphosphoglycerate mu- 
tase action is seen in Fig. 1; the optimal pH of approximately 9 
differs markedly from the previously reported optimum for the 
diphosphoglycerate mutase of erythrocytes (1, 2). 

Stability with Heat, pH and Organic Solvents—The ASF I frac- 
tion is completely inactivated by heating (all tests were con- 
ducted for 5 minutes) at 60° from pH 4.5 to pH 9.0 under all 
conditions tested. At 55° 11 and 15 per cent residual activity 
was measured at pH’s 7 and 9, respectively. At 0° and pH 7 to 
9 the enzyme is fairly stable, while at pH 5 and below it loses 


3.0 
25+ 
& 
m 20 
L L 
— 


pH 


Fic. 1. The effect of pH. The standard conditions described 
in the text were used, except that 4 wmoles of buffer were used in 
the assay B. For pH 6.6, Tris-phosphate buffer, for pH 7 to 9 
Tris buffers, and for pH 9 to 10, Glycylglvcine buffers were used. 
The umoles of 2,3-DPGA formed in assay B were multiplied by 10 
and are expressed as such in the figure. @——@, assay B; 
assay A. 
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activity rapidly. For example, at pH 4.5 only 50 per cent of the 
activity remained. The enzyme does not withstand fractiona- 
tion with methanol, ethanol, or acetone at 0°. 

Influence of Substrate Concentration on Enzyme Activity—The 
effect of substrate concentration in the presence of p-3-phospho- 
glyceric acid was studied at pH 7 and is shown in Figs. 2 and 3. 
As indicated in the legends of the figures the 1,3-DPGA used 
contained 3-PGA, which would therefore increase proportionally 
in the test with the added 1,3-DPGA. Since as shown below 
3-PGA is stimulatory at low levels and inhibitory at high levels, 
and since it was anticipated that there would be additional in- 
crease of 3-PGA during the test due to spontaneous decomposi- 
tion of 1 ,3-DPGA, two preparations containing different amounts 
of 3-PGA (0.15 and 1.8 wmoles per umole of 1,3-DPGA) were 
used. Each preparation was tested also in the presence of a 
fixed amount (1 umole) of 3-PGA. The Michaelis-Menten con- 
stant (A,,) was calculated from the Lineweaver-Burke plots (16) 
to be 6.67, 3.45, 4.22, and 3.15 & 10-4 with increasing concen- 


0.5 1.0 ike) 
% 

Fic. 2. Influence of substrate concentration upon velocity. In 
a total volume of 0.3 ml. each tube contained 2 ymoles Tris 
buffer, pH 7, 1,3-DPGA at pH 7 as indicated, and enzyme. After 
a 10 minute incubation at 27°, the reaction was stopped by addi- 
tion of 0.1 ml. of 0.5 Nn HC1O,, heated as described in the text, and 
then neutralized with 0.1 ml. of 0.5 nN NaOH. 3,2-DPGA was 
measured by the procedure No. 2 (5). @——@, without added 
extra 3-PGA; ™—— in the presence of 1 umole of 3-PGA (above 
endogenous). The endogenous 3-PGA present was 0.15 wmole per 
umole of 1,3-DPGA. 
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Fic. 3. Influence of substrate concentration upon velocity. 
The conditions of this test were the same as in Fig. 2, except that 
the endogenous 3-PGA present at the initiation of the test was 1.8 
umole per umole of 1,3-DPGA and that the 2,3-DPGA formed was 
measured colorimetrically (5). @——@, without added extra 
3-PGA; @-——§§, in the presence of 1 umole of 3-PGA (above en- 
dogenous). 
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TaBLe II 
Effect of 3-PGA on diphosphoglycerate mutase 
The standard conditions of assay method B were used, and the 
2,3-DPGA formed was estimated by the procedure No. 2 (5). 
The figures shown have been recalculated on a 1 ml. basis for 
clearer visualization. 


1,3-DPGA added 3-PGA added 2,3-DPGA formed 

pmoles pmoles pmoles 

5.2 | 0.92* 2.20 

2 1.02 2.64 

5.2 1.42 4.75 

5.2 | 2.92 3.54 

5.2 | 7.65 1.71 

0.0 | 6.6 0.00 


* This was the endogenous 3-PGA present in the 1,3-DPGA 
preparation at the time of the measurements. 


trations of 3-PGA (see Figs. 2 and 3). It appears then that the 
K,, at optimal or near optimal concentrations of 3-PGA has the 
dimensions of 3 to 4 X 10-4 a. 

Effect of 3-PGA on Diphosphoglycerate Mutase—As shown in 
Table II and in Figs. 2 and 3, there is a stimulatory action by 
3-PGA. However, at high concentrations, 3-PGA is inhibitory. 
Due to the instability of 1,3-DPGA and to the presence of en- 
dogenous 3-PGA it was not possible to calculate accurately the 
K,., for this material. 

Effect of Time of Incubation and Enzyme Concentration—There 
was proportionality between 2,3-DPGA synthesis and time of 
incubation up to 20 minutes and between 2,3-DPGA synthesis 
and enzyme concentration up to 3 umoles 2,3-DPGA synthesis 
when measured with the assay method A. Beyond these limits 
the velocity of reaction decreases sharply and, as is discussed 
below, may reflect product inhibition. 

Effect of 2,3-DPGA—An investigation of the effect of 2,3- 
DPGA on diphosphoglyceric acid mutase confirmed the earlier 
report of Rapoport and Luebering (2) describing inhibition of the 
diphosphoglycerate mutase reaction by the end product 2,3- 
DPGA. For example with the assay method A and 1.7 units 
of diphosphoglycerate mutase, the enzyme was inhibited 27, 35 
and 58 per cent by 0.5, 2.0, and 6.0 um 2,3-DPGA, respectively. 

Specificity—At a concentration of 6.6 « 10-3 m 3-PGA, there 
was no 2,3-DPGA formed by the same enzyme concentration 
and conditions which resulted in 1.2 um 2,3-DPGA synthesis 
from 1.3 10-3 mM 1,3-DPGA. 

Other Enzymatic Activities—An enzyme preparation containing 
613 units of diphosphoglycerate mutase had 2200 units (17) of 
phosphoglycerate mutase,? 4 units of glycerate 2 ,3-diphosphatase 
and 0.67 unit (measured at pH 7) of 3-phosphoglycerate phos- 
phatase (7). The glycerate 2,3-diphosphatase activity present 
in the preparation was activated by Hg*++ at a concentration of 
2 xX 10-4 m, while 3-phosphoglycerate phosphatase was com- 
pletely inhibited by Hg*+*+ at a concentration of 1 xX 10-4 M. 
This indicates clearly that traces of the classical glycerate 2,3- 
diphosphatase was present in the preparation (7). The acyl 
phosphatase activity was approximately 8 units (18). 


2 Due to this high enzymatic activity, we tested the possibility 
that diphosphoglycerate and phosphoglycerate mutase activity 
were due to dual action of the same protein. Neither the yeast 
nor muscle phosphoglycerate mutase showed more than traces of 
diphosphoglycerate mutase activity. 
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Effect of Magnesium, Thyroxine and 2, 4-Dinitrophenol—Mgt* 
up to 6.7 X 10-* m had no effect on diphosphoglycerate mutase 
activity. 

Thyroxine when preincubated with crude chicken muscle ex- 
tracts inhibited the diphosphoglycerate mutase activity of these 
extracts when assayed with method A. For example, after 20 
minutes of preincubation of 11 units of the enzyme with 5 x 1077 
mM, 2.2 X 10-®M, and 5 X 10-* o thyroxine, 22, 55, and 92 per 
cent inhibition was observed. The high concentration of phos- 
phoglyceric acid mutase, enolase, pyruvic kinase, and phospho- 
glyceric kinase present in the crude extracts and in the com- 
ponents of assay method A together with the fact that 5 x 10-® 
m thyroxine had little effect on these enzymes, indicates that the 
lower activity measurements were due to diphosphoglycerate 
mutase inhibition. 

Although inhibitory effects were also noted with ASF III and 
with crude extracts when assayed by the method B, the inhibi- 
tion was not so marked; for example, at 1 X 10-4 m thyroxine 
only 67 per cent inhibition was noted. We have no explanation 
for this discrepancy. Since the thyroxine was diluted by the 
addition of the components of the test system (there was no 
inhibitory effect when these components were added before pre- 
incubation) the inhibition may be much higher than noted. 
2,4-dinitrophenol, although less effective than thyroxine, was 
also inhibitory. 

Reversibility—The unlikely reversibility of the diphosphoglyc- 
erate mutase reaction was tested by determining the oxidation of 
DPNH at 340 mu. Any 1,3-diphosphoglyceric acid formed 
would, in the presence of glyceraldehyde phosphate dehydrogen- 
ase oxidize DPNH. The tests contained 0.44 umole of DPNH, 
5 umoles of 2,3-DPGA, 1.5 umoles of 3-PGA, 100 umoles of Tris 
buffer, pH 8, 18 uwmoles of cysteine, and 5 ug. of glyceraldehyde 
phosphate dehydrogenase in a volume of 3 ml. Control cells 
omitting 2,3-DPGA and p-3-phosphoglyceric acid were used. 
At zero time, 0.1 ml. containing 5 units of diphosphoglycerate 
mutase was added to each cell and the decrease in optical density 
was recorded for 30 minutes at 30°. The amount of keto acids 
(11) before and at the end of the incubation was also measured. 
The initial amount of keto acids in the 2,3-DPGA solution was 
0.022 umole. The equivalent of 0.014 umole of DPNH was oxi- 
dized immediately, probably due to either lactic dehydrogenase 
contamination in the diphosphoglycerate mutase or glyceralde- 
hyde preparation or both. After this initial change there was 
negligible DPNH oxidation. | 


DISCUSSION 


The preparations of diphosphoglycerate mutase described here 
are still impure as indicated by contamination with other en- 
zymatic activities and by the failure to obtain consistent evi- 
dence for homogeneity by ultracentrifuge and electrophoretic 
methods, although occasionally some of the best preparations did 
appear to be composed of a main component by electrophoretic 
and particularly by ultracentrifuge analysis. 

Since the methods of analysis used are highly sensitive and 
specific under the controlled conditions used, since the substrate 
1,3-DPGA has been added rather than generated in the assay as 
in previous investigations (1, 2), and since an enzymatic prepara- 
tion of high activity was used, the measurements described here 
should be fairly valid. As shown above there is fairly good agree- 
ment for the A,, measurements for 1,3-DPGA under a variety of 
conditions. However, since 1,3-DPGA is very unstable (9) and 
since one of its decomposition products, 3-PGA stimulates or 
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inhibits (see above) the diphosphoglyceromutase reaction, some 
of the present values may eventually have to be revised. 

As indicated the optimal pH is far from the optimal pH re- 
ported by Rapoport and Luebering (1, 2) with the erythrocyte 
enzyme. Whether this reflects species differences in the enzymes 
or is due to the fact that their assay conditions (coupled en- 
zymatic assay) did not permit them to measure the true optimal 
pH is not known. Certainly they were unable to show any ef- 
fect of substrate concentration (within a small range of substrate) 
due to their assay conditions. 

On the other hand most of the other properties of the prepara- 
tions described here agree very well with the properties assigned 
to the diphosphoglycerate mutase by Rapoport and Luebering 
(1, 2), who pointed out the thermodynamic improbability of the 
reversal of the reaction. We also were unable to obtain evidence 
for the reversibility. 

We should like to stress the insight of Rapoport and Luebering 
regarding the diphosphoglycerate mutase since, as they pointed 
out, their evidence for the reaction was indirect, e.g. accumula- 
tion of acid stable phosphate (1) and increase in the rate of DPN 
reduction when aldolase, fructose-1 ,6-diphosphate and DPN 
were supplemented with ammonium sulfate fractions (purifica- 
tion and quantities used not stated) of hemolysates (2). 

The five known metabolic routes for 1,3-DPGA are (a) to 
creatine phosphate and 3-PGA (19); (6) to glyceraldehyde phos- 
phate and inorganic phosphate via glyceraldehyde phosphate 
dehydrogenase; (c) to 3-PGA and ATP via phosphoglyceric acid 
kinase; (d) to 3-PGA and inorganic phosphate via acyl phos- 
phatase; (e) to 2,3-DPGA via diphosphoglycerate mutase. 
Route c, which is probably the main route of 1,3-DPGA utiliza- 
tion, results in synthesis of ATP, while route d (20) and route e 
when combined with 2,3-DPGA phosphatase would simulate 
ATPase action. This is not generally realized and should be 
stressed since there has been extensive use of 3-PGA and crude 
glycolytic enzymes as an “‘energy regenerating” system. For 
example Grisolia and Cohen (21, 22) obtained different ratios of 
ATP utilization during citrulline synthesis with ATP or a gly- 
colytic ATP-regenerating system. We know now’ that the dis- 
crepancy was due to 1 ,3-DPGA formation and consequent ATP 
leakage making the controls misleading. Petrack and Ratner 
(23) have pointed out this effect in their recent study of ATP 
utilization during arginine synthesis. 

Thus the enzymes phosphoglyceric acid kinase and acyl-phos- 
phatase or phosphoglyceric acid kinase, diphosphoglycerate mu- 
tase, and 2,3-DPGA phosphatase behave as self-regulating sys- 
tems which will respond to variations in ATP, ADP, and 
inorganic phosphate (4, 7, 11, 24-26) as well as to competing 
reactions (22, 23). We have recently integrated the best known 
metabolic interrelations of the mono- and diphosphoglycerates 
in a scheme (24, 25) and should like to retain the name phospho- 
glycerate cycle for this scheme in recognition of the work of 
Rapoport and Luebering who first suggested (26) “the existence 
of a self-regulating enzyme cycle at the level of the phospho- 
glyceric acids.” 

SUMMARY 

The diphosphoglyceromutase from chicken breast muscle has 
been purified. Some of the kinetic properties of the purified 
enzyme are presented. 

Some of the possible metabolic interrelations and significance 
of the diphosphoglycerate mutase are discussed. 


3 Unpublished experiments of J. C. Caravaca and 8. Grisolia. 
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Distribution of Two Types of Phosphoglyceric Acid Mutase, 
Diphosphoglycerate Mutase, and 
p-2,3-Diphosphoglyceric Acid* 
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The properties and purification from chicken breast muscle of 
the enzyme diphosphoglycerate mutase which catalyzes the syn- 
thesis of p-2,3-diphosphoglyceric acid from p-1,3-diphospho- 
glyceric acid, are presented in the companion paper (1). 

Phosphoglyceric acid mutases have been found to be of two 
types, the better known phosphoglyceric acid mutase which 
catalyzes Reaction 1, 


2,3-DPGA! + 3-PGA = 2,3-DPGA + 2-PGA (1) 


and the recently described (2, 3) mutase which catalyzes Reac- 
tion 2, 
3-PGA = 2-PGA (2) 


the difference between the two types being in their requirement 
for 2,3-DPGA. 

Reactions 1 and 2 have been studied recently with crystalline 
and highly purified enzyme preparations (3-5). For clarity, in 
this paper the enzymes catalyzing these reactions are called 2,3- 
DPGA dependent mutase and 2,3-DPGA independent mutase. 

We observed previously that the phosphoglycerie acid mutase 
from several tissues, with the exception of that from wheat germ, 
was stimulated by 2,3-DPGA (6), and we found when studying 
the enzyme diphosphoglycerate mutase that there appeared to 
be a correlation in several sources between the activity for 2,3- 
DPGA biosynthesis and the stimulation by 2,3-DPGA on phos- 
phoglyceric acid mutase from the same tissue. This, together 
with the fact that the diphosphoglvcerate mutase had been pre- 
sumed to occur only in the red cell (7) while we had found higher 
activity in other tissues (2, 6), made desirable a survey of biologi- 
eal materials for endogenous 2,3-DPGA, diphosphoglycerate 
mutase activity and distribution of 2,3-DPGA dependent and 
2,3-DPGA independent phosphoglyceric acid mutase. 

The result of this study in 26 sources is presented here. 


EXPERIMENTAL 


Materials—3-PGA free from 2,3-DPGA, enolase, and 2,3- 
DPGA were prepared as previously described (2, 8). Wheat 
germ phosphoglycerate kinase was obtained as described in the 
companion paper (1). Wheat germ, General Mills (8-50), was 


* Supported by grants from the American Heart Association and 
from the Kansas Heart Association. 

1 The abbreviations used are: 2,3-DPGA, p-2,3-diphosphogly- 
eerie acid; 1,3-DPGA, b-1,3-diphosphoglyceric acid; 2-PGA and 
3-PGA, b-2- and p-3-phosphoglyceric acid, respectively; Tris, 
tris(hydroxymethyl)aminomethane. 


a gift of Dr. J.S. Andrews. Dr. Henry Buehler kindly provided 
us with Anheuser Busch dried brewers’ yeast. We wish to thank 
also Dr. Pekka Linko, Kansas State College, for a sample of corn 
germ and especially Professor M. C. Kik of the University of 
Arkansas for providing us with the rice germ which he had care- 
fully dissected by hand. Other materials were commercial prod- 
ucts. 

Methods—Protein was estimated by the modified biuret reac- 
tion of Mokrasch et al. (9). 

Assay: The samples were tested for phosphoglycerie acid mu- 
tase with 3-PGA free from 2,3-DPGA and also in the presence 
of 4 X 10-° m 2,3-DPGA as previously described (4, 5). Di- 
phosphoglycerate mutase activity was measured by the assay 
method A described in the companion paper (1). 

The 2,3-DPGA formed was measured routinely by the spec- 
trophotometric assay, procedure 2, previously described (2). 
The components of the assay were mixed and the mutase and 
enolase preparations were added at zero time. The increase in 
optical density during the first minute was recorded and the 
concentration of 2,3-DPGA was ealculated from a standard 
curve. Occasionally when more accurate figures were desired, 
due to high endogenous values or low concentrations in the sam- 
ples, 2,3-DPGA was measured by the colorimetric method No. 
4, described previously (2). The endogenous 2,3-DPGA was 
measured also by these procedures. 


Preparation of Samples 


Water homogenates of fresh animal tissues 1:10 (volume for 
volume) were made at 0° in a Potter-Elvehjem homogenizer. 
After centrifugation, the supernatant fluids were tested for the 
various activities. 

The brewers’ and bakers’ veast were fermented in 3 volumes 
of water and 0.1 volume of toluene, respectively for 3} hours at 

7°. One volume of water was added to the bakers’ yeast before 
centrifugation. The supernatant fluids were tested for activi- 
ties. 

The seeds were ground to a meal, extracted with 9 volumes of 
cold water for 30 minutes at O° and, after centrifugation, the 
supernatant fluids were tested. When desired, samples were 
dialyzed against 400 volumes of 0.01 m Tris buffer pH 7.1 with 
two changes of buffer during a 3-hour period at 4°. 

Ascites tumor cells from white mice were washed three times 
with physiological sodium chloride, suspended in 9 volumes of 
water and frozen and thawed two times and the broken cell 
suspension tested as such. 
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Escherichia coli was a lyophilized preparation, prepared by 
sonic disruption. 


RESULTS AND DISCUSSION 


As is shown in Table I all animal tissues, under the conditions 
tested, showed 100-fold or more increase in activity when 2,3- 


TABLE I 


Distribution of 2,3-DPGA, diphosphoglycerate mutase, and 
phosphoglyceric acid mutases in several preparations 

The values in the table refer to values per gram of the material 
extracted. The conditions of the assays were as described in the 
text. 2,3-DPGA was measured by the spectrophotometric 
method No. 2 (2) with the exception of the figures in parenthesis 
which were estimated by the colorimetric method No. 4 (2). (All 
figures in parenthesis were obtained with dialyzed samples.) 
Figures for endogenous 2,3-DPGA and lower than 1.5 units for 
diphosphoglycerate mutase are approximate and reflect only the 
order of magnitude. 


Phosphoglyceric 
acid mutase 
‘coos | 
Preparation Protein 
of 2,3- |with 2,3- 
PGA | DPGA 
| snits/ | | 
Rat muscle extract........ 54 1 13.1 36 3720 
Rat liver extract.......... 101 | <0.5 1.5 0 104 
Rat brain extract......... 69 <0.5 2.8 0 333 
Rat heart extract......... 123 0.7 0.7 26 486 
Rat lung extract.......... 172 . ae 12 7 
Chicken brain extract..... 56 1 2.8 0 320 
Chicken heart extract..... 50 <0.5 1 2 420 
Chicken liver extract....... 166 | <0.5 > <0.5 0 710 
Chicken muscle extract.... 49 | <0.5 |) 23.6 96 4500 
Pigeon brain extract...... 60 <0.5 1 0 310 
Pigeon heart extract...... 28 <0.5 1 7 410 
Pigeon liver extract....... 145 1 <0.5 0 473 
Pigeon muscle extract... .. 46 1 | 19.1 71 1415 
Ascites tumor cells........ 272 | <0.1 | 8.0 0 252 
Escherichia colt........... 298 <0.5 1450 
Brewers’ yeast........... | 50 <0.5 1.7 0) 412 
Wheat germ extract...... | 96 | <0.5 | <0.5 |) 496 506 
Rice germ extract........ 66 <0.5) <0.5 172 164 
Rice germ extract. ..... | (<0.1) (80 ) (86 ) 
Germ free rice extract..... 3) 1 1 0 0) 
Corn germ extract...... 1 7 6 
Corn germ extract... | (<0.1) (8) (9) 
Beans (navy) extract... .. | 63 1 40 44 
Beans (navy) extract....... 63 |(<0.1) (6) 
Lentils extract.......... | i3 | l | 26 
Lentils extract.......... (<0.1)) (7) (8) 
Chick peas extract... .. | 65 | 20 28 
Chick peas extract... (12) (12) 
Split peas extract... .. 18 19 
Split peas extract.........| (<0.1) (24) (27) 
Ist day seedling (lentils) 
36 <0.5 | (14) (14) 


* Units are wmoles of 2,3-DPGA formed in 20 minutes at 38° 
under the assay conditions described in the companion paper (1). 

7+ Units are 0.100 change in optical density per minute at 30° 
under the assay conditions previously deseribed (4, 5). 


Phosphoglyceric Acid Mutases 


Vol. 234, No. 6 


DPGA was added to the assay system. It should be noted that 
the magnitude of the response to 2,3-DPGA may reflect the 
size of aliquots used for the tests (with variations in endogenous 
2,3-DPGA and other materials), particularly when low activi- 
ties required the use of large aliquots. Similar considerations 
may apply to the estimation of diphosphoglycerate mutase and 
of 2,3-DPGA. However they did not seriously interfere with 
the aims of the present survey since only the order of magnitude 
and the presence or absence of activities and of 2,3-DPGA were 
sought. 

As shown previously (5) the affinity for 2,3-DPGA of yeast 
and muscle mutase are very similar. Because of the high con- 
centration of 2,3-DPGA used in the tests it is clear that the 
phosphoglyceric acid mutase of seeds and the germ portion do 
not require 2,3-DPGA for activity. 


It is possible that both types of enzymes occur in certain tis- 


sues, or that as previously indicated (5) there may be traces of 
activity with the 2,3-DPGA dependent phosphoglyceric acid 
mutase in the absence of 2,3-DPGA. It is clear, however, that 
the 2,3-DPGA independent phosphoglyceric acid mutase is typi- 
cal of seeds. 

There is good correlation between the high activity for 2,3- 
DPGA biosynthesis and the high activity for the 2,3-DPGA 
dependent phosphoglyceric acid mutase in some cases (see Table 
I, muscie extracts) although it is not so clear in other sources, 
such as in the heart muscle, yeast and EZ. coli. On the other 
hand, in plant extracts there is always some activity for 2,3- 
DPGA synthesis even if this compound does not activate the 
phosphoglyceric acid mutase from the same sources. Also there 
is considerable endogenous 2,3-DPGA in all tissues tested in 
confirmation of previous studies (2). 

For some 40 years there has been speculation in biochemistry 
concerning the significance of 2,3-DPGA and the high concen- 
tration of this material in the erythrocytes of certain species (2). 
The finding of a role for 2,3-DPGA in the phosphoglyceric acid 
mutase reaction (10) partially resolved this speculation. It is 
not clear, however, why there is endogenous 2,3-DPGA and 
diphosphoglycerate mutase in cereals which do not require 2,3- 
DPGA for phosphoglyceric acid mutase activity. Nor is it clear 
why 2,3-DPGA accumulates in high concentration in the eryth- 
rocyte of certain species. As shown before, and corroborated in 
this paper, most tissues can synthesize more 2,3-DPGA than 
would be anticipated to be needed for phosphoglyceric acid mu- 
tase action. Thus it is probable that there may be other meta- 
bolic roles for 2,3-DPGA. 

The difference in the 2,3-DPGA requirements for mutase ac- 
tivity is an unusual but not unique finding; a remotely related 
case is the need for adenylic acid by the diphosphopyridine- 
linked yeast isocitric dehydrogenase (11). 

It is apparent, however, that there are two different mecha- 
nisms for phosphoglyceric acid mutase action. A “three active 
loci” has been postulated for the enzyme phosphoglycerate kinase 
(12). By analogy and in the light of the data presented here 
and in other publications (1, 2, 4, 5, 13), we think, as a working 
hypothesis, that a 3-prong or ‘“‘triangular” active center might 
be common to the three known phosphoglycerate mutases.? 


2 A nonlinear arrangement of three active loci, as postulated in 
this paper, with the loci for ATP and ADP at different distances 
from the third locus which would be occupied by either 3-PGA or 
1,3-DPGA is easier to visualize than the published linear arrange- 
ment of Biicher (12). 
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The three points of attachment 1,2,3, in the active center can 
be represented by an equilateral triangle with positions 2 and 3 
occupied by the phosphates of positions 2 and 3 of 2,3-DPGA, 
position 1 remaining for 3-PGA attachment; after interaction 
the newly formed 2,3-DPGA could remain at position 1,3 leav- 
ing 2-PGA attached at position 2. After dissociation another 
molecule of 3-PGA could be attached to position 2 to continue 
enzymatic action. A similar mechanism can be visualized when 
the 2,3-DPGA dependent mutase catalyzes the formation of 
3-PGA from 2-PGA. 

In the case of the 2,3-DPGA independent mutase, perhaps be- 
cause of spatial considerations, 2,3-DPGA does not fit, and the 
3 points of attachment have a similar affinity for 3-PGA and 
2-PGA; upon attachment of 3 molecules of 3- or 2-PGA the 
phosphate migration could occur evenly from molecule to mole- 
cule. 

The lower affinity for 3- and 2-PGA, the lack of inhibition by 
high concentrations of 2-PGA (3) in contrast to the marked in- 
hibition noted with this material on the 2,3-DPGA dependent 
mutase (5) and the inhibition by high concentrations of 2,3- 
DPGA (3) fit well with this theory. 
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Finally, for the diphosphoglycerate mutase the active loci can 
be imagined as forming an isosceles triangle; the phosphates 1 
and 3 of 1,3-DPGA would be bound to either the 1,2 or 3,2 
positions but would not fit the 1,3, while positions 1 or 3 could 
be occupied by 3-PGA. The formed 2,3-DPGA would then be 
attached to the 1,3 position. This mechanism would make re- 
versibility virtually impossible and would also explain the inhibi- 
tion noted with 2,3-DPGA and with high concentrations of 
3-PGA (1). 

Experiments directed to test this hypothesis are in progress. 


SUMMARY 


Water extracts from 26 biological sources including animal tis- 
sues, bacteria, yeasts, vegetables, and seeds have been examined 
for phosphoglyceric acid mutase activity (with and without added 
p-2,3-diphosphoglyceric acid), diphosphoglyceric acid mutase 
activity and for the presence of p-2,3-diphosphoglyceric acid. 

It has been demonstrated in this comparative survey that al- 
though the phosphoglyceric acid mutase of all mammalian tissues 
tested, of yeasts and of several other sources is stimulated by 
p-2 ,3-diphosphoglyceric acid, the enzyme from seeds does not 
require this coenzyme for activity. 

A working hypothesis for the enzymatic mechanism of the 
three known phosphoglycerate mutases is presented. 


REFERENCES 


1. Joyce, B. K., anp Grisoita, S., J. Biol. Chem., 234, 1330 (1959). 

2. Towne, J. C., V. W., Griso.ia, 8., J. Biol. 
Chem., 226, 777 (1957). 

3. Iro, N., AND Grisotia, J. Biol. Chem., 234, 242 (1959). 

4. RopweE.., V. W., Towne, J. C., ANp Grisouia, 8., Biochim. et 
Biophys. Acta, 20, 394 (1956). 

5. RopwELL, V. W., Towne, J. C., Grisouia, 8., J. Biol. 
Chem., 228, 875 (1957). 

6. Towne, J. C., RopweE i, V. W., ANp Griso.tra, 8., Federation 
Proc., 16, 372 (1956). 


7. Rapoport, S., aNnD LUEBERING, J., J. Biol. Chem., 183, 507 
(1950). 
8. Grisotia, S., AND Joyce, B. K., J. Biol. Chem., 223, 18 (1958). 
9. Moxrascu, L. C., Davipson, W. D., anp McGitvery, R. W., 
J. Biol. Chem., 222, 179 (1956). 
10. SUTHERLAND, E. W., Posternak, T. Z., anv Cort, C. F., J. 
Biol. Chem., 179, 501 (1949). 
11. KornBeERG, A., AND Pricer, W. E., J. Biol. Chem., 189, 123 
(1951). 
12. BucueEer, T., Biochim. et Biophys. Acta, 1, 292 (1947). 
13. EpELHocH, H., V. W., anp Grisouta, 8., J. Biol. 
Chem., 228, 891 (1957). 


at : 2 2 

: 

1 3 
Ne 

id 

le 

re 

st 

ie 

0 

d 

t 

\ 

e 

r 

1 
l 


Oxaloacetic Decarboxylase from Rat Liver Mitochondria 
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In a previous communication (1), an accumulation of oxalo- 
acetic acid was implicated as the cause of a decline of succinate 
oxidation in liver mitochondria from rats fed a diet deficient in 
vitamin E. This conclusion appeared justified from observa- 
tions that compounds known to accelerate the removal of oxalo- 
acetate would relieve this decline of succinate oxidation. There 
was, however, a lack of effect of inosine triphosphate on the 
decline. Several workers have shown the stimulatory effect of 
inosine triphosphate on oxaloacetic acid decarboxylases isolated 
from chicken and lamb liver, in the process that involves the 
formation of phosphoryl-enolpyruvate from oxaloacteate (2, 3). 

The lack of relief of the decline of succinate oxidation by 
inosine triphosphate suggested that the oxaloacetic decarboxylase 
activity at pH 7.5 which occurs in rat liver mitochondria might 
be due to a nucleotide-independent enzyme. It did not seem 
likely that the nucleotide-independent oxaloacetic acid decar- 
boxylase activity of the malic enzyme was involved, because 
this enzyme is not active at pH 7.5 (4). Upon fractionation of 
rat liver mitochondria, an enzyme was partially purified which 
catalyzes the formation of carbor dioxide and pyruvate from 
oxaloacetic acid, and which is nucleotide-independent. This 
enzyme appears to account for most of the oxaloacetic decar- 
boxylase activity of the mitochondria, since little nucleotide- 
dependent activity was found. 


EXPERIMENTAL 


Assay Procedure—Enzyme activity was determined by meas- 
uring either CO, or pyruvate formation, the products of the 
decarboxylation of oxaloacetic acid by this enzyme. The reac- 
tion mixture consisted of 200 ymoles of potassium phosphate 
buffer at pH 7.5, 7.5 wmoles of GSH, 8 ymoles of MgCl., and 20 
pmoles of oxaloacetate in a final volume of 3.0 mj]. GSH and 
oxaloacetate were brought to pH 7.5 before addition. Oxalo- 
acetate was added from the sidearm of a Warburg flask after 5 
minutes of preincubation at 30°. At the end of 10 minutes 0.1 
ml. of 11 ~ H.SO, was tipped in from a second sidearm, if CO. 
production was to be studied. The flasks were shaken for an 
additional 10 minutes to release all the dissolved CO, before 
readings were taken. When pyruvate was to be determined, 
1 ml. of reaction mixture was removed and pipetted into 3 ml. 
of 10 per cent trichloroacetic acid. A measure of the spon- 
taneous decarboxylation of oxaloacetate was obtained by de- 
termining CO, or pyruvate formation from a contro] flask 
containing the same ingredients minus the enzyme. The differ- 
ence between the readings with and without enzyme was con- 
sidered to be due to enzymatic decarboxylation. 

Pyruvate and Oxaloacetate Determination—These keto acids 


twice with 3 ml. of toluene. 


were determined essentially according to the method of Friede- 
mann (5) which is based on the difference in solubility of the 
2,4-dinitrophenylhydrazones of mono- and dicarboxylic keto 
acids in various solvents. The monocarboxylic keto acid deriva- 
tive is soluble in aromatic hydrocarbons such as toluene, whereas 
the dicarboxylic keto acid derivative is not. The latter can 
be extracted with ethyl acetate. Pyruvate and oxaloacetate 
were the only keto acids present, as determined by paper chroma- 
tography. That the separation was complete was also deter- 
mined by identification of the 2,4-dinitrophenylhydrazones on 
paper. 

The procedure was as follows. One ml. of the reaction mix- 
ture was pipetted into 3 ml. of 10 per cent trichloroacetic acid. 
The tubes with enzyme were centrifuged at 3000 x g for 5 
minutes. To the supernatant solution was added 1 ml. of a 
0.1 per cent 2,4-dinitrophenylhydrazine solution in 2 nN HCl. 
After 5 minutes at room temperature the solution was extracted 
To determine oxaloacetate in the 
same sample, another 1-ml. portion of 2,4-dinitrophenylhydra- 
zine solution was added. After 25 minutes the solution was 
extracted twice with 3 ml. portions of ethyl acetate. 

The extracts were each extracted twice with 3-ml. portions of 
10 per cent NazCO;. The sodium carbonate extracts were 
washed with 3 ml. of toluene or ethyl acetate. An aliquot 
(0.1 to 1.0 ml.) of the sodium carbonate solution was pipetted 
into a cuvette, and enough distilled water was added to make 2 
ml. To this was added 1 ml. of 1.5 NaOH. The color was 
read against a reagent blank at 440 my in the Beckman spectro- 
photometer. Results in micromoles were obtained from a stand- 
ard curve made with known quantities of pyruvate or oxalo- 
acetate treated in the same manner. 

Protein Determination—Protein was determined either by the 
biuret method of Gornall et al. (6) or by ultraviolet absorption 
(7). 

Materials—Oxaloacetic acid, ATP, ITP, GTP, calcium phos- 
phate gel, and alumina gel Cy were obtained from the Sigma 
Chemical Company and GSH from the Schwarz Laboratories. 
Mitochondria were obtained from the livers of 4-week-old 
Fischer 344 strain rats. 


RESULTS 


Oxaloacetic Acid Carboxylase Activity of Mitochondria—At pH 
7.5 considerable decarboxylation of oxaloacetate takes place. 
In experiments aimed at discovering the specific enzymes in- 
volved in the decarboxylation, a pH activity curve was con- 
structed. Fig. 1 indicates only one pH optimum at about 7.5 
in rat liver mitochondria in the range between pH 5.0 and 8.5. 
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Fic. 1. pH optimum for decarboxylation of oxaloacetate by 
mitochondria and purified enzyme. Mitochondria, 22.5 mg. of 
protein; alumina (Al) gel Cy extract, 1.1 mg. of protein; 200 umoles 
of phosphate buffer were used except at pH 5 and 5.5 where an 
acetate buffer was substituted. 


TaBLe I 
Effect of various factors on ozaloacetic acid decarborylase activity 
of ral liver mitochondria 
Reaction mixture: 26.3 mg. of mitochondrial protein, 200 umoles 
of phosphate buffer at pH 7.45, and 20 umoles of oxaloacetic acid. 
Final volume, 3 ml.; incubation time, 10 minutes. 


Additions COs production 
pmoles umoles/mg. protein 10 min. 
§ MeCl, + 1.5 ATP...... 13 
SMgCl. + 1.5I1TP...... 
SMgCl.+1.5GTP..... 


A narrower peak but the same pH optimum is observed for the 
purified enzyme. The mitochondrial activity is stimulated by 
the presence of magnesium ions but not by ATP, ITP or GTP 
(Table I). Manganese ions have no additional stimulatory 
effect and in fact appear to counteract the activation by mag- 
nesium to some extent. These properties strongly indicate the 
presence of an oxaloacetic acid decarboxylase not previously 
described. The oxaloacetic decarboxylase activity of the malic 
enzyme of Veiga-Salles and Ochoa is optimal at pH 4.5 to 5.0, 
with little or no activity at pH 7.5 (4). The enzyme of Kura- 
hashi ef al. (2) from chicken liver has a pH optimum at 6.0 and 
is greatly stimulated by nucleotides. The mammalian enzyme 
from lamb liver found by Bandurski and Lipmann (3) requires 
ITP for its function. 

Enzyme Puritfication—Mitochondria were obtained from rat 


livers by the usual differential centrifugation technique described 


previously (1). In preparing one batch of enzyme usually only 
S to 10 rats were used. In the purification of the enzyme the 
fractionation scheme of Kurahashi et al. in isolating oxaloacetic 
acid carboxylase from chicken liver mitochondria (2) was appli- 
cable, but some deviations were indicated because of different 
properties of the rat liver enzyme. The isolated mitochondria 
were suspended in 0.9 per cent NaCl equivalent to 0.3 volume 
of the 0.25 M sucrose used to make the 10 per cent homogenate. 
The mitochondrial suspension was added slowly with mechanical 
stirring to 10 volumes of acetone held at —15°. After standing 
for 10 minutes, the suspension was filtered on a Biichner funnel. 
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The precipitate was washed twice with 2.5 volumes of acetone 
at —15° and the resulting solids dried in a vacuum desiccator 
over H.SO, at 2°. Each gram of acetone powder was extracted 
with 10 ml. of .008 m potassium phosphate buffer at pH 7.8 for 
one hour at 0°. The extract was centrifuged at 3500 x g for 
10 minutes and the precipitate re-extracted with another 10 ml. 
of buffer for an additional 10 minutes. This extract was centri- 
fuged, and the supernatants werecombined. Ina representative 
experiment, 2.6 gm. of acetone powder were obtained from 38 
gm. of rat liver. From this acetone powder, an extract was 
obtained containing 590 mg. of protein. _ 

The acetone powder extract was brought to pH 5.8 with 1 n 
HCl with constant stirring at 0°. Cold distilled water was 
added to bring the protein concentration to 14 mg. per ml., and 
then calcium phosphate gel was added slowly in an amount 
equivalent to .75 gm. per gm. of protein to the constantly stirred 
solution. The stirring was continued for 15 minutes after which 
the suspension was centrifuged at 4000 « g for 10 minutes. The 
precipitate was discarded. The protein concentration of the 
cloudy supernatant solution was measured and an amount of 
alumina gel Cy equivalent to 0.5 gm. per gm. of protein was 
stirred into the solution and the stirring continued for 15 min- 
utes. The suspension was centrifuged at 4000 x g. The 
supernatant was again treated with the alumina gel Cy. The 
two gel precipitates were each eluted with .04 m phosphate buffers. 
The usual procedure utilized 10 ml. each of buffers at pH 6.4, 
6.8, and 7.4 in that order. However, the sequence of buffers 
could be reversed without changing the result; the recoverable 
activity alwavs appeared with the first eluting buffer. When 
the initial buffer pH was 6.4, the enzyme solution was virtually 
colorless, whereas a pronounced vellow color accompanied the 
enzyme when buffer at pH 7.4 was used first. Nevertheless the 
activities were the same in both cases. Table II shows some 
typical vields in the purification of the enzyme. These results 
were remarkably uniform from batch to batch. The alumina 
gel Cy eluates were quite stable in the presence of 2.0 umoles of 
GSH per mg. of enzyme protein in the frozen state. They were 
also stable to lyophilization with GSH. 

Stoichiometry of Reaction with Purified Enzyme—Since nucleo- 
tides were not required for the activity of the mitochondrial 
enzyme, it was postulated that the reaction was a simple decar- 
boxvlation of oxaloacetate to pyruvate and CO.. Table III 
indicates the correctness of the assumption. The pyruvate and 
CO, formed account completely for the oxaloacetate lost during 
the reaction. The enzyme exhibits linearity with respect to 
enzyme concentration (Fig. 2). 

Activation Studies.—The purified enzyme acts quite similarly 


Il 


Purification of oraloacetic decarborylase 


— . Specific Total 
Description Protein activity* activity 

mes 
Acetone powder extract 300 12 36.0 
Ca;(PO,)2 gel supernatant 97 36 34.9 
Ist alumina gel Cy eluate, pH 7.4? 8.5 1.67 14.2 
2nd alumina gel Cy eluate, pH 7.47 6.5 1.20 7.8 


*umoles of CO: per mg. of protein per 10 minutes. 
* Elutions from gel beginning with .04 Mm phosphate buffer at 
pH 7.4. 
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to the mitochondria (Table IV). Magnesium ions increase the 
activity and nucleotides have no stimulatory effect. On the con- 
trary, ITP inhibits the effect of magnesium. Manganese ions 
also appear to have a marked inhibitory effect. On the other 
hand they stimulate the spontaneous decarboxylation to such an 
extent that the total decarboxylation (spontaneous and enzy- 
matic) is about the same as with magnesium ions alone. GSH 
has shown varying degrees of stimulatory effects. The variation 
is probably due to the state of reduction of the enzyme. 

Michaelis Constant—The K,, for oxaloacetate was calculated 
to be 1.1 X 10-4 from a Lineweaver-Burk graph. 

Inhibitors and Metals—Since glutathione has shown both a 
stimulatory and protective effect toward the enzyme, sulfhydry] 
inhibitors such as p-chloromercuribenzoate should inhibit the 
decarboxylase. This has been confirmed (Table V). Arsenite, 
on the other hand, a potent inhibitor of dimercaptan enzymes at 
low concentration, was without effect at 10-? m. Metal antag- 
onists such as KCN and 8-hydroxyquinoline were effective in 
inhibiting the reaction, although ethylenediaminetetraacetate at 


TaBLeE III 
Stoichiometry of reaction 


Reaction mixture: 370 wg. of enzyme, 200 uwmoles of phosphate 
buffer at pH 7.45, 8 umoles of MgCl:, and 20 uwmoles of oxaloace- 


Oxaloacetic Acid Decarboxylase 


tate. Final volume, 3 ml.; 15-minute incubation period. 
Experiment No. | a | Pyruvate formed CO: formed 
| pmoles | pmoles pmoles 
1 | 1.2 
uJ 100 i 
< 600 e 
> 
300 
=! 200Fr 
100+ 
024 6 8 10l2 14 
mg. PROTEIN 


Fic. 2. Enzyme activity as a function of protein concentration 


TasBLe IV 
Effect of various factors on purified oraloacetic acid carbozylase 


Reaction mixture: 300 wg. of enzyme, 200 wmoles of phosphate 
buffer at pH 7.5, 7.5 wmoles of GSH, and 20 ywmoles of oxaloacetic 
acid. Final volume 3 ml.; incubation time, 10 minutes. 


Additions | 


| Pyruvate production 
pmoles | pmoles/mg. protein/10 min, 
47 
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TABLE V 
Effect of inhibitors 
Reaction mixture: 370 wg. of enzyme, 200 umoles of phosphate 
buffer at pH 7.45, 8 umoles of MgCl:, and 20 uwmoles oxaloacetie 
acid. Final volume, 3 ml.; 15-minute incubation period. 


Inhibitor Concentration P 
pmoles 
p-Chloromercuribenzoate....... 10-4 m 05 96 
8-Hydroxyquinoline............ 10-3 m 60 50 
Ethylenediaminetetraacetic 
Sodium arsenite................ 10-3 1.23 0 
TaBLe VI 


Effect of some metals in reversing inhibition by cyanide 
Reaction mixture: 300 ug of enzyme, 200 umoles of tris(hy- 
droxymethyl)aminomethane buffer at pH 7.5, 7.5 umoles of GSH, 
4umoles of MgCle, and 20 umoles of oxaloacetic acid; final volume, 
3 ml. 


Additions | Pyruvate production Per cent inhibition 
pmoles pmoles 
| 72 
3.0 KCN + 3 Fet+........... | .70 34 
3.0 KCN + 3Cut**........... | 53 50 


10-* m concentration had little effect. The inhibition by KCN 
and 8-hydroxyquinoline was observed even in the presence of 8 
pmoles of Mgt+ ions. The effect of cyanide could be partially 
reversed by several divalent metal ions such as Fe++, Co*++, and 
Cu++ (Table VI). Malonate was without effect on the system. 


DISCUSSION 


It is apparent from the foregoing experiments that rat liver 
mitochondria can decarboxylate oxaloacetate to form pyruvate 
and carbon dioxide. From studies of the pH optimum of rat 
liver mitochondrial activity, it seems quite probable that this 
enzyme, with a pH optimum of 7.5, is the main factor in the 
decarboxylation of oxaloacetate in the rat liver. There is very 
little activity at pH 5 where the Veiga-Salles-Ochoa enzyme 
would be expected to be effective (7). The enzymes of Kura- 
hashi et al. in chicken (2) or of Bandurski and Lipmann in lamb 
(3) are active at pH 7.5, but their activity can be doubled or 
tripled by the addition of nucleotides such as ATP, ITP, or 
GTP. This increased activity was not observed with rat liver 
mitochondria. The purified enzyme possessed the same prop- 
erties as the mitochondria in its oxaloacetic carboxylase fune- 
tion and appears to account for most of the mitochondrial 
activity. 

The involvement of metals in the mechanism of the decar- 
boxylase has curious aspects. There appears to be an obvious 
requirement for magnesium ions. The inhibitory effect of 
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manganese ions on this enzyme system is reminiscent of a similar 
observation of Bandurski with his oxaloacetate-synthesizing 
enzyme (8), although greater quantities (10-? mM) of manganese 
were required in his case. Inhibition by cyanide and 8-hydroxy- 
quinoline even in the presence of magnesium, indicates the 
possibility of another metal requirement. The partial reversal 
of cyanide inhibition by divalent ions such as Fet+t+, Cu++, and 
Co*++ seems to confirm such a suspicion. However, identifica- 


tion of this metal requirement is not likely until a greater degree 


of enzyme purity is attained. It is interesting to note that 


‘similar to all the other enzymes which decarboxylate oxalo- 


acetate, this one is also a sulfhydryl enzyme as indicated by the 
inhibition with p-chloromercuribenzoate and activation with 
GSH. 

The properties of this enzyme in rat liver mitochondria explain 
the effects or the lack of effects observed with certain com- 
pounds on succinate oxidation in the presence of DPN (1). The 
fact that succinate oxidation declined to a greater extent in 
liver mitochondria from vitamin E-deficient rats than in those 
supplemented with the vitamin was attributed to the accumula- 
tion of oxaloacetate. Whereas the addition of ATP would 
alleviate this decline in the deficient mitochondria, ITP had no 
effect. Thus, if the major oxaloacetic acid decarboxylase were 
a nucleotide-dependent enzyme, such results would be difficult 
to interpret. The presence of a nucleotide-independent enzyme 
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in rat liver mitochondria now makes those findings understand- 
able. The fact that ATP can prevent oxaloacetate inhibition 
of succinic oxidase has been discussed by Tyler (9). It is his 
contention that a complex of oxaloacetate with ATP and Mgt+ 
is formed which makes oxaloacetate unavailable to the enzyme 
and that the decreased inhibition is not due to an increased 
decarboxylation of oxaloacetate. 


SUMMARY 


It has been found that rat liver mitochondria possess an 
oxaloacetic acid decarboxylase activity which has an optimal 
pH of 7.5 and is unaffected by the addition of nucleotides such 
as the 5’-triphosphates of adenosine, inosine, and guanosine. 
An enzyme has been purified from rat liver which possesses these 
properties and which yields the reaction products pyruvate and 
CO,. The enzyme is inhibited by manganese ions, p-chloro- 
mercuribenzoate, cyanide, and 8-hydroxyquinoline. Cyanide 
inhibition can be partially reversed by divalent ions such as 
Fe++, Co**, and Cu**+. The Michaelis constant of the enzyme 
for oxaloacetate is 1.1 K 10-* M. 
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The lack of any clearly defined immediate effect of insulin 
upon hepatic carbohydrate metabolism stands in contrast to the 
well known rapid effect of this hormone upon the uptake and 
utilization of glucose by many peripheral tissues. Metabolic 
alterations occur in the liver in the insulin-deficient state, how- 
ever, which can be slowly returned to normal by one or more 
days of insulin injection. These seem to represent an exaggera- 
tion of changes normally occurring during fasting or starvation, 
and include supranormal gluconeogenesis and glucose release (1), 
a relative diminution of (fed) glycogen stores, and a marked 
decrease in the synthesis of fatty acids (2). While it is generally 
accepted that the utilization of glucose is markedly reduced due 
to reduced glucose phosphorylation in the alloxan diabetic liver 
(3, 4), the defect in fatty acid synthesis has not been elucidated 
completely. The latter has been attributed to a lack of TPNH, 
the essential coenzyme for the reduction of crotonyl-CoA to 
butyryl-CoA (5), and it has been suggested that the oxidative 
steps of the hexose monophosphate pathway may be important 
sites of generation of TPNH (6). Observations of relatively 
decreased glucose catabolism via this pathway in diabetic and 
fasted rats are in accord with this hypothesis (7, 8). 

It is the purpose of the present work to evaluate the possibility 
that changes in the pool size of metabolically available glucose in 
the form of glucose-6-P in the liver are related to these metabolic 
disturbances of fasting and diabetes. Specific methods were 
used to measure the amount of glucose-6-P present in the liver 
of normal and diabetic animals, observing particularly the effects 
of glucose, fructose, food ad libitum, insulin, and glucagon. The 
rather large variations which were found, appear to correlate 
well with some of the known metabolic and enzymatic altera- 
tions. 


EXPERIMENTAL 


Materials and Methods 


Female Sprague-Dawley rats weighing 150 to 200 gm. were 
fed Purina rat chow ad libitum. All animals were sacrificed be- 
tween 10 and 11 a.m. on the day of experiment with as little 
prior handling as possible. Diabetes was induced by the intra- 
venous injection of alloxan, 35 mg. per kg., after 48 hours of 
fasting. Only animals with severe diabetes, as evidenced by 
severe hyperglycemia and marked retardation of growth, were 
used. None of these animals, however, exhibited significant 
ketonuria. Diabetic rats were treated with insulin (Lilly crystal- 
line and protamine zinc insulin) according to the schedule sug- 
gested by Spiro and Hustings (9). 

Glucose-6-P Extraction Procedure—The animals were killed by 


decapitation. The major portion of the liver was rapidly excised 
and frozen in liquid nitrogen. Only 15 to 25 seconds elapsed 
from the time of decapitation until the liver had frozen. The 
remaining liver was then excised for weighing. The extraction 
procedure was modified from that described by Umbreit et al. 
(10), and was carried out in a cold room at 5°. The frozen liver 
was weighed, aliquots removed for DNA and glycogen determina- 
tion, and then 3 to 6 gm., while still frozen, ground up with ice- 
cold 10 per cent trichloroacetic acid ina mortar. The suspension 
was transferred to a large glass homogenizer and quickly reduced 
to a fine consistency. The supernatant after centrifugation was 
combined with two 5 per cent trichloroacetic acid washings of 
the precipitate, making a final volume of 35 to 55 ml. Extracted 
glycogen was precipitated by the addition of 1 volume of absolute 
ethanol to a 16-ml. aliquot and was discarded. The clear super- 
natant after centrifugation was then transferred to 90-ml. glass 
tubes, neutralized to approximately pH 8.2 by phenolphthalein 
color, 0.7 ml. of 25 per cent barium acetate added, and the pH 
readjusted to about 8.2. Sufficient 95 per cent ethanol was 
added to bring the concentration of ethanol to 80 per cent, and 
the tubes allowed to stand 8 to 12 hours for aggregation of the 
precipitate of alcohol-insoluble barium salts. The yellow 
precipitate was washed once with 80 per cent ethanol, dried in a 
vacuum, and dissolved in 1 to 2 ml. of 0.2 n HCl. Barium 
acetate (0.5 ml., 25 per cent) was added, the solution neutralized 
to pH 8.2 as before, and allowed to stand approximately 1 hour 
before centrifugation. The precipitate was redissolved and 
reprecipitated 4 times and the supernatant solutions combined 
to form the barium soluble fraction. Ethanol, 95 per cent, was 
added again to 80 per cent concentration to precipitate the 
barium salts of the various sugar phosphates, the precipitate 
washed, and dried in a vacuum. This grey-white precipitate 
was dissolved by the addition of 1.0 ml. of water and approxi- 
mately 300 mg. of moist Dowex 50 resin (H+ form). This 
removed not only barium but also almost completely removed 
large amounts of oxidized glutathione which were carried along 
in this fraction, and which interfered with the assay for glucose- 
6-P. The fluid was removed from the resin which was washed 
several times with small aliquots of water; the washings were 
combined, neutralized with KOH, and brought up to 4 to 5 ml. 
final volume. These were stored frozen until assayed. 

Assay Procedure—All\ values reported here were based upon 
the reduction of TPN by glucose-6-P in the presence of a glucose- 
6-P dehydrogenase preparation, which was determined to be 
essentially free from phosphoglucomutase, mannoseisomerase, 
6§-phosphogluconic dehydrogenase and oxidase activity (Sigma 
Chemical Company) (11). Low hexoseisomerase activity was 
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present in the lots of enzyme used, but its relative maximal 
velocity compared to the dehydrogenase under the conditions of 
the assay was less than 0.005. The system included 0.5 ml. of 
0.2 m tris(hydroxymethyl)aminomethane buffer (pH 9.0), 0.2 ml. 
of TPN (1 mg. per ml.), 0.1 ml. of enzyme, 0.2 to 1.0 ml. of test 
solution, and deionized water to a volume of 3.0 ml. The in- 
crease in optical density at 340 my was measured in the Beckman 
DU spectrophotometer at a slit width of 0.3 with the use of 
quartz cells with a 1.0-cm. light path. The quantity of enzyme 
was adjusted to give complete oxidation of 0.1 umole of glucose- 
6-P in 2.0 to 3.0 minutes at room temperature. Known glucose- 
6-P standards were always assayed concurrently. 

The enzyme preparation was found to contain some glutathione 
reductase which, in the presence of added GSSG, caused a lower- 
ing of the peak reading followed by slow downward drifting as 
reoxidation of TPNH occurred. With a reaction mixture con- 
taining 0.1 umole of glucose-6-P and 0.1 umole of GSSG, how- 
ever, the peak reduction was lowered by only 4 per cent, and 
downward drifting after peak reduction permitted recognition of 
this contaminant when present in amounts sufficient to signifi- 
cantly alter the results of the assay. When liver extracts were 
assayed before resin treatment, slow reoxidation occurred, and 
this proved to result from small amounts of GSSG which were 
precipitated as a barium salt in the isolation procedure. Dowex 
50 treatment reduced the amount of GSSG sufficiently to permit 
accurate assay, as was verified by paper chromatography before 
and after resin treatment (12). 

To check recovery, 0.3 to 0.4 umole of glucose-6-P was added 
to duplicate aliquots of initial trichloroacetic acid extracts in 
several experiments. Mean recovery of such added amounts of 
glucose-6-P which were approximately the same or less than the 
total glucose-6-P content of the extract aliquot was 92 per cent 
(range 84 to 100 per cent). A small amount of glucose-6-P was 
lost in the glycogen pellet when large amounts of glycogen were 
precipitated but this did not exceed 3 to 4 per cent. Duplicate 
analyses of tissue aliquots from the same liver generally agreed 
within 5 per cent. In one experiment the results from the glu- 
cose-6-P dehydrogenase assay were checked by hydrolyzing por- 
tions of the extracts with purified alkaline phosphatase (Sigma 
Chemical Company) and determining free glucose formed with 
the glucose oxidase technique. The two methods gave identical 
results, but the latter was not used extensively because of dif- 
ficulties obtaining phosphatase sufficiently low in hexoseisomer- 
ase activity. 

Chemical Procedures—Blood glucose was measured by the glu- 
cose oxidase method of Halsey.!. Glycogen was determined with 
the modified anthrone reagent (13) after digestion by the method 
of Good et al. (14). DNA was estimated colorimetrically by a 
modification of the method of Schneider (15) employing the di- 
phenylamine reaction of Dische (16). Most consistent color de- 
velopment was obtained by storing the tubes 24 hours in the cold 
and dark after boiling for 6 minutes. Daylight was found to 
cause nonspecific color development at room temperature with 
trichloroacetic acid extracts from liver even after ethanol, ether, 
and chloroform extraction before hydrolysis in 5 per cent tri- 
chloroacetic acid. Daylight also considerably catalyzed the spe- 
cific color development at 598 my, necessitating reading the tubes 
from the dark to prevent drifting. Values were expressed in 
terms of the phosphorus content of purified calf thymus DNA 


' Y. D. Halsey, personal communication. 
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(Worthington Biochemical Company) used as a colorimetric 
standard. 


RESULTS 


The hepatic content of glycogen, glucose-6-P, and DNA under 
a variety of nutritional conditions is summarized in Table I. 
Values are included for DNA concentration and for weight of 
liver per unit of body weight to provide a basis for comparing 
the wet weight of the liver under conditions such as fasting and 
diabetes. From these data the values for glucose-6-P can be 
expressed in a variety of ways, t.e. per unit of body weight, or 
per unit of DNA, and thus, presumably, per cell unit (17). How- 
ever, expression in terms of wet weight probably correlates most 
closely with the concentration of this intermediate per unit of 
solvent within the cell. It has been assumed, also, that glucose- 
6-P is relatively uniformly distributed in intracellular fluid. This 
is based upon observations that all of the enzymes directly con- 
cerned with glucose metabolism, with the exception of glucose 
6-phosphatase, are present in the soluble fraction after centrifuga- 
tion of liver homogenates (18, 19, 20). 

Although the difference in composition of the livers of normal 
fed and short-term fasted animals is due largely to variations in 
glycogen and associated water and solute (21), it is of interest 
that the severely diabetic liver is relatively enlarged and that 
both DNA and glycogen concentrations are low (Table I, Part 
C). Whether this alteration is the result of accumulated fat, 
protein, water, or other substances, was not determined in these 
studies. 

The hepatic content of glucose-6-P, as well as glycogen, was 
found to be influenced quite markedly by the nutritional status 
of the animals. In the fed normal group (Table I, Part A), the 
amount was 5- to 6-fold greater than in the group fasted 24 hours 
(Table I, Part B). The administration of glucagon (Lilly) to 
fed normal animals several minutes before they were killed re- 
sulted in a significant decrease in hepatie glycogen content and 
elevation of glucose-6-P to the highest levels obtained. The in- 
jection of sodium chloride, however, did not significantly alter 
glucose-6-P content, and no relationship was found between fast- 
ing blood glucose and hepatic glucose-6-P concentration within 
any of the groups. 

In the fasted normal group it is evident that the duration of 
fasting caused a marked variation in both glycogen and glucose- 
6-P content; the least amounts of both of these substances oc- 
curred at 24 hours and then both rose again significantly at 72 
hours. During the interval between 15 and 24 hours of fasting 
a relationship between glycogen and glucose-6-P concentration 
was clearly evident, as illustrated in Fig. 1. Moreover, admin- 
istration of glucose to these fasted normal animals 20 minutes 
before they were killed produced a 3-fold increase in glucose-6-P 
and concomitantly a rise in glycogen (Fig. 1). From these ob- 
servations it might be inferred that, after a phase of rapid gly- 
cogen depletion earlier in fasting, a steady state in the enzymatic 
interconversion of glycogen and glucose-6-P had been reached. 
However, a quite different pattern was found on insulin adminis- 
tration to diabetic animals (Fig. 2), and also, after a 72-hour 
fast, administration of glucose to normal animals caused con- 
siderable hyperglycemia and a definite increase in liver glycogen 
content without any detectable change in the glucose-6-P con- 
tent (Table I, Part B). 

Since the administration of glucagon, which is known to have 
an immediate effect upon glvcogenolysis and hepatic glucose re- 
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TABLE I 


Blood glucose concentration and several parameters of liver composition in normal and diabetic 
rats under various experimental conditions 


Glucose and fructose given as 5 per cent solution; 200 mg. per animal. 


Experimental conditions Pe. Liver weight DNA-P Blood glucose Glycogen Glucose-6-P 
mg./gm. of body wt. of P/gm. wet wt. mg./100 ml gm. wet | wmoles/ gm. wet 
A. Normal, fed ad libitum. ................ 20 37.4 + 0.5¢ | 230 + 5.57 | 105 + 2.9F 55 + 3.5f 47 + 2.2f 
Sodium chloride solution, 20 min.*.... 8 107 + 4.3 53 + 4.3 47 + 3.8 
Glucagon, 0.2 mg., 7 min............. 4 137 + 3.0 42 + 1.7 65 + 2.5 
B. Normal, fasted 
15 hours, noninjected................. 4 7424 2.3 2.2 + 0.2 15.3 + 1.1 
15 hours, glucose, 20 min............ 4 149 + 4.4 4.1 + 0.4 28.7 + 1.1 
24 hours, noninjected................. 20 31.0 + 0.6 281 + 3.5 754+ 1.6 1.1+ 0.1 8.5 + 0.7 
24 hours, sodium chloride solution, 20 
8 80+ 1.8 1.3 + 0.2 10.4 + 1.6 
24 hours, glucose, 20 min............. 8 168 + 4.3 3.6 + 0.5 23.8 + 1.3 
24 hours, fructose, 20 min............. 4 124+ 1.1 2.2 + 0.5 24.0 + 4.2 
24 hours, glucose + insulinf 0.5 unit, 
4 141 4 5.2 3.14 0.8 25.0 + 4.5 
24 hours, insulinf 0.2 unit, 10 min..... 4 59 + 1.2 1.1 + 0.2 8.3 + 1.5 
72 hours, noninjected................. 4 306 + 14 924 4.1 6.6 + 0.9 21.5 + 3.3 
72 hours, glucose, 20 min............. 4 233 + 18 11.4 + 1.5 22.3 + 3.3 
UC. Diabetic, fed ed tébitum................ 17 57.8 + 2.5 212 + 4.8 | 5389 + 31 17.8 + 1.4 12.9 + 0.8 
D. Diabetic, fasted 16 hours............... 4 473 + 33 29.2 + 7.2 7.5 + 2.0 
Glucose, 20 min........... 5 571 + 30 7.5 + 1.2 
5 498 + 3l 9.0 + 0.3 
* Time from intraperitoneal injection until sacrifice. 
+ Standard error of the mean. 
t Glucagon-free (Novo). 
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GLUCOSE-6-P 4M/i00 Gm. LIVER 


Fic. 1. Relationship between liver glycogen and glucose-6-P in 
normal fasted rats before and 20 minutes after intraperitoneal in- 
jection of glucose (200 mg.). 


lease, produced a distinct rise in glucose-6-P concentration, it 
was of interest to determine whether insulin might also produce 
an immediate change. Intraperitoneal administration of suf- 
ficient amounts of glucagon-free insulin to significantly alter the 
blood glucose concentration within 20 minutes or less did not 


HOURS AFTER INSULIN 


Fic. 2. Time sequence of changes in body weight, total liver 
weight, and several aspects of liver composition in severely di- 
abetic rats treated with insulin. Note the decrease in glucose-6-P 
concentration during the early phase of rapid glycogen accumula- 
tion. 


affect either the fasting glucose-6-P level nor the rise following 
glucose administration in normal fasted rats (Table I, Part B). 

Despite very high blood glucose levels in fed diabetic rats, the 
hepatic content of glucose-6-P was only slightly higher than in the 
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24 hour fasted normal rats (Table I, Part C), and there was no 
significant difference between fed or fasted diabetic animals (Ta- 
ble 1, Parts C and D). The glycogen content, although consider- 
ably higher than in 24-hour fasted rats, nevertheless did not 
attain the levels seen in normal rats with free access to food. 
This diminution of glycogen storage has been related to the se- 
verity of the diabetic state (22, 23). Injection of glucose or fruc- 
tose 20 minutes before the rats were killed did not significantly 
alter the levels of glucose-6-P in diabetic animals (Table I, Part 
D), although either sugar produced a prompt rise in both glycogen 
and glucose-6-P in normal rats fasted 24 hours (Table I, Part 
B). This rise in glucose-6-P in normal animals may be the re- 
sult of increased glucose phosphorylation as is suggested by the 
data of Hers (24) who found that glucose-1-C™ was largely in- 
corporated directly into liver glycogen in 24-hour fasted rats. 
While it is possible that adaptive or hormonally induced changes 
in liver glucokinase systems may be related to this response of 
the normal liver to elevation of blood glucose, many other factors 
could also play a role. The failure of this response in the dia- 
betic liver, however, probably cannot be attributed simply toa 
failure of glucose to penetrate the organ (25). 

The administration of insulin to severely diabetic rats brought 
about dramatic alterations in the composition of the liver, as il- 
lustrated in Fig. 2. The most immediate and striking change 
occurred in the concentration of glycogen. A definite increase 
could be seen after only 7 hours and very high levels were reached 
at approximately 14 hours after the first injection of insulin. 
During this time of very rapid glycogen formation it was not 
possible to show any rise in glucose-6-P and, indeed, the concen- 
tration appeared to fall slightly. This early decrease after in- 
sulin may have resulted in part from dilution, since the liver 
underwent a very rapid increase in weight, completely doubling 
in size in the first 24 hours. Decreased pool size, on the other 
hand, might reflect an increased utilization of substrate from 
the pool for glycogen synthesis or via other metabolic pathways. 
It appears unlikely, however, that the stimulus to glycogen syn- 
thesis in this instance is simply mass action resulting from an 
increased concentration of precursors, and therefore, could rep- 
resent a somewhat more specific effect of insulin upon reactions 
influencing glycogen formation. Of interest is the recent report 


by Leloir and Cardini (26) of glycogen formation by a liver sys- — 


tem which does not involve phosphorylase. 
No definite rise in the concentration of glucose-6-P in the dia- 


betic liver could be seen until 48 hours after insulin had been 


started, and by 72 hours the levels in some animals had returned 
to the normal range while others remained subnormal. Animals 
with lower or normal blood glucose levels at 24 or 48 hours tended 
to have no higher glucose-6-P levels than animals less well regu- 
lated in terms of insulin dosage at those times. The amount of 
glucose-6-P in fresh whole blood from both normal and diabetic 
rats was very low (about 1 umole per 100 ml.) despite marked 
elevation of the blood glucose concentration in the diabetic rats. 

Although the rapid accumulation of glycogen with attendant 
water and solutes will account for the rapid increase in liver mass 
during the first 14 hours after insulin, a significant increment in 
total DNA content of the organ also occurs, which accounts for 
the gradual increase in mass throughout the 3-day period of in- 
jections (Fig. 2). It is therefore clearly evident that the diabetic 
liver undergoes extensive metabolic alterations after insulin ad- 
ministration, and that biochemical changes associated with cellu- 
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lar proliferation and growth are probably superimposed upon any 
other metabolic readjustments. 


DISCUSSION 


Several investigators have reported measurements of com- 
ponents of the acid soluble fraction in livers of normal and alloxan 
diabetic rats (27, 28). In the study of Sacks (27), the amount 
of glucose-6-P found in normal rats was considerably higher than 
in our experiments and the concentration in diabetic rats was 
only slightly lower than in the normal group. This difference 
may be the result of strain and sex differences, and variations in 
the severity of the diabetes, but might also be attributed to the 
use of less specific methods for determination of glucose-6-P. 

The multiplicity of enzymatic pathways which influence the 
glucose-6-P pool in the liver clearly precludes any conclusions 
concerning the over-all rate of turnover or the metabolic fate of 
this substance based on concentration measurements alone. 
Nevertheless, variations in glucose-6-P concentration of the large 
order of magnitude found in these experiments may be related to 
altered hepatic glucose metabolism in fasting and diabetes, par- 
ticularly decreased oxidation of glucose-6-P via the hexose mono- 
phosphate shunt pathway (8). From data concerning the prop- 
erties of the glucose-6-P dehydrogenase of rat liver (19) it is 
possible to estimate that the large difference in glucose-6-P con- 
centration in a normal fed and a 24-hour fasted rat, in the ab- 
sence of other limiting factors, could cause a 2- to 3-fold difference 
in the rate of this initial reaction of the hexose monophosphate 
pathway. This mechanism, therefore, may play some part in 
regulation of shunt activity in normal animals and may explain 
in part the relative decreases in activity via this path in both 
fasted and diabetic animals. That this may be only a subsidiary 
factor influencing metabolism by this route is suggested by the 
data from the insulin treated diabetic animals, where no signifi- 
cant increase in pool size was seen during the period when in- 
creased fatty acid synthesis and hexose monophosphate shunt 
activity would be expected. Moreover, experimental evidence 
has been reported which suggests that the rate of utilization of 
TPNH for certain cellular processes may be a more decisive factor 
in regulation of metabolism via the hexose monophosphate shunt 
(29, 30). 

Several investigations have shown measurable increases in the 
concentration of hexose monophosphate in muscle within a very 
short time after exposure to insulin (31, 32), and this is associated 
with a rapid increase in glucose phosphorylation by this tissue 
(33). Liver slices from diabetic rats have been intensively stud- 
ied by Renold et al. (34), Spiro et al. (9), and others, with the 
finding that deficient glucose phosphorylation in this tissue is 
corrected much more slowly by insulin, within 6 to 24 hours, and 
is lost very rapidly on withdrawal of insulin treatment. In our 
experiments glycogen was accumulated with striking rapidity in 
vivo in diabetic rat liver with insulin administration, and this 
deposition was not accompanied by any demonstrable rise in 
glucose-6-P concentration. Even after 24 hours, at which time 
increased glucose phosphorylation and increased formation of 
fatty acids have been reported (34, 35), the concentration of 
glucose-6-P was not significantly increased. It therefore seems 
unlikely that insulin acts in the liver solely to provide increased 
supplies of metabolically available glucose for pathways such as 
the hexose monophosphate shunt or for glycogen synthesis. In- 
creased glucose phosphorylation after insulin may thus represent 
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an adaptation to increased glucose-6-P utilization resulting from 
stimulation of other metabolic pathways. 


SUMMARY 


1. The hepatic content of glucose-6-P has been measured by 
specific methods in normal and alloxan diabetic rats under a 
variety of experimental conditions. The amount of this sub- 
stance found in livers from fed normal rats was approximately 5- 
to 6-fold greater than the amount in livers from fasted normal 
animals, and was 4-fold greater than the amount in livers from 
severely diabetic fed rats. : 

2. The administration of glucagon to fed normal animals 
caused a significant rise in the concentration of glucose 6-phos- 
phate; no significant change in glucose 6-phosphate concentration 
occurred within minutes following the administration of insulin 
in hypoglycemic doses to fasted normal animals. 

3. The administration of glucose or fructose intraperitoneally 
to normal animals fasted 24 hours caused a prompt rise in hepatic 
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glucose 6-phosphate concentration, but this effect was not seen 
after a 72-hour fast, or in diabetic rats. Insulin given with glu- 
cose to normal rats fasted 24 hours did not alter this response to 
glucose. 

4. The administration of insulin to severely diabetic rats re- 
sulted in a rapid accumulation of liver glycogen in the first 14 
hours without any demonstrable rise in the concentration of glu- 
cose 6-phosphate; glucose 6-phosphate only slowly rose toward 
normal levels over a 3-day period. Profound increases in the 
liver size and total deoxyribonucleic acid content were also noted 
during this period of insulin treatment. 

5. The possibility that the glucose 6-phosphate pool size may 
play a role in the regulation of utilization of glucose via the 
hexose monophosphate shunt pathway in normal and diabetic 
rat liver is discussed in the light of these observations. 


Acknowledgment—The authors wish to express their gratitude 
to Miss Claudine Shepard for invaluable technical assistance. 
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Dickmann and Cloutier (1) observed that aconitase is stabil- 
ized and activated by ferrous iron and reducing agents such as 
ascorbic acid or cysteine. This led Takeda and Hara (2) to study 
the urinary excretion of citric acid and ketone bodies in scorbutic 
and a,a’-dipyridyl-injected guinea pigs after the animals were 
fed butyrate. These animals excreted increased amounts of cit- 
ric acid and ketone bodies, possibly attributable to a decline of 
the ferrous iron concentration with subsequent decrease in acon- 
itase activity. Banerjee et al. (3) observed increased tissue 
contents of citric, malic, and lactic acids in scorbutic guinea pigs 
and indicated a possible derangement in their metabolism 
through the tricarboxylic acid cycle. They observed, however, 
that the above defects were corrected when guinea pigs received 
daily injections of a small dose of insulin along with the scorbuto- 
genic diet. Whereas the Japanese workers (2) considered that 
the decreased aconitase activity was a direct result of the lack of 
ascorbic acid which maintains the prosthetic Fe** of the enzyme 
in the reduced state, Banerjee et al. (3) pointed out that the defect 
in citric acid metabolism in scurvy might be due as well to insulin 
insufficiency associated with scurvy (4). The present investiga- 
tion was undertaken to study the urinary excretions of ketone 
bodies, citric acid, and malic acid in normal, scorbutic, insulin- 
treated scorbutic, and Fe++ and cysteine-treated scorbutic guinea 
pigs after the feeding of butyrate. 


EXPERIMENTAL 


Male guinea pigs, weighing 250 to 300 gm., were fed green 
grass and a scorbutogenic diet (5) for 6 days. Animals which 
grew well were selected. Each animal was then placed in a 
metabolism cage and fed ad libitum the scorbutogenic diet, 5 mg. 
of ascorbic acid per day, and 2 drops of a concentrate of vitamins 
A and D twice a week. After the collection of a 24-hour sample 
of urine under toluene, each animal was fed daily in three divided 
doses a neutral solution containing 25 per cent of butyrie acid 
(1 ml./100 gm. of body wt.) for 3 consecutive days. Urine 
samples were collected over 24 hours. In view of the small vol- 
umes of urine (8 to 10 ml.) passed by each animal in 24 hours, 
the glass funnels of metabolism cages were washed with distilled 
water so as to collect traces of urine adhering to the funnel. 
The volume of the urine plus washings was made up to 50 ml. 
Ketone bodies, citric acid, and malic acid were estimated in the 
samples of urine. 

After the above experiment, the animals were rendered scorbu- 
tic by the withdrawal of the ascorbie acid supplement. They 
were divided into three groups. Animals of one of the groups 
were injected with protamine zine insulin (Lilly), one injection 
per day, in doses increasing from 0.1 to 0.3 unit /100 gm. of body 


weight from the second week of the scorbutic regime. To a 
second group of animals, intraperitoneal injections of a mixture 
of 0.5 ml. of 0.05 m Fet* as ferrous ammonium sulfate and 0.5 
ml. of 0.2 m cysteine hydrochloride were given from the 3rd week 
of the scorbutic regime. The animals of the third group served 
as untreated scorbutic controls. When the animals showed gross 
signs of scruvy, which were usually observed during the 4th week 
of the scorbutic regime, they were fed butyrate for 3 days. 
Twenty-four-hour urine samples, collected before and after the 
administration of butyrate, were analyzed for ketone bodies, 
citric acid, and malic acid. 

Four normal guinea pigs, receiving the scorbutogenic diet and 
5 mg. of ascorbic acid per day, were injected with insulin in the 
same way as the insulin-treated scorbutic guinea pigs. Urinary 
excretions of the above metabolites were determined before and 
after butyrate was fed. 

Total ketone bodies were estimated as acetone by the method 
of Behre (6). Citric acid was determined according to the 
method of Speck et al. (7). Malice acid was estimated by the 
fluorometric method of Hummel (8). 


RESULTS 


Results are given in Tables I and II. The urinary excretion 
of ketone bodies increased enormously in animals of all the groups 
after they were fed butyrate. These excretions did not differ 
markedly in the normal, scorbutic, and Fe** and cysteine-treated 
scorbutic guinea pigs. The insulin treatment produced a signifi- 
eant decrease in the ketonuria in both normal and scorbutie an- 
imals. 

The excretion of citric acid was considerably increased after 
the feeding of butyrate in the scorbutic and Fe** and ecysteine- 
treated scorbutic animals as compared with similar excretions by 
normal and insulin-treated scorbutic animals. 

Scorbutie guinea pigs excreted increased amounts of malice acid 
after the feeding of butyrate. This excretion diminished signifi- 
cantly when the scorbutic animals were given injections of insulin 
or Fe** and cysteine. 

Prolonged treatment of normal animals with insulin did not af- 
fect the excretions of citric acid and malic acid but considerably 
lowered the excretion of ketone bodies. 


DISCUSSION 


Beatty and West (9) and Takeda and Hara (2) assumed that 
the ketosis in normal rats and guinea pigs after the administration 
of butyrate was due to the nonavailability of sufficient oxaloacetic 
acid to permit oxidation, via the tricarboxylic acid cycle, of acetyl 
CoA abundantly produced. This assumption was supported by 
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TABLE I 


Twenty-four-hour urinary excretion of ketone bodies, citric acid, 
and malic acid by guinea pigs 


Tricarboxylic Acid Cycle in Scurvy 


Animals* | Ketone bodiest Citric acidt Malic acidt 
| pmoles pmoles pmoles 

Normal (6)........ 4.87 + 0.436 | 14.80 + 2.31 | 3.02 + 0.26 
Insulin-treated 

normal (4)..... 2.75 + 0.0145 13.20 + 2.104 3.56 + 0.519 
Secorbutic (6)..... 5.73 + 0.541 | 38.87 + 14.45 4.53 + 0.903 
Insulin-treated 

seorbutic (6)...| 4.92 + 0.208 12.17 + 3.15 3.08 + 0.204 
Fe** + cysteine- 

treated scorbu- 

tic (6)........} 6.10 + 0.245 | 15.91 4+ 1.45 | 1.84 + 0.342 


* Figures in parentheses indicate the number of animals used. 
t The mean + the standard error is given. 


TABLE II 


Twenty-four-hour urinary excretion of ketone bodies, citric acid, 
and malic acid by guinea pigs fed sodium butyrate 


Animals* | Ketone bodies Citric acid Malic acid 
| pmolest pmolest pmolest 

Normal (6).....| 62.64 + 4.473) 46.99 + 5.55 | 8.77 + 0.904 
Insulin-treated 

normal (4)...| 10.15 + 0.975 45.46 + 11.983) 6.44 4 1.143 
Scorbutic (6)... 79.39 + 8.051/438.43 + 85.03 | 20.92 + 1.475 
Insulin-treated | 

scorbutic (6).) 28.86 + 3.055 68.36 + 11.33 4.04 + 0.544 
Fe** + cys- 

teine-treated | 

scorbutie (6).) 55.87 + 13.17 282.10 + 50.65 | 6.13 + 0.198 

Statistical analysis ¢ values 

Between normal | | 

and scorbutic 1.8] | 4.59f | 7.02t 
Between norma! | | 

and insulin- | 

treated scor- 

| 6.05t 1.73 
Between scor- | | 

butie and in-| | 

sulin-treated 

scorbutic.... 4.31t 10.75t 
Between scor-_ | 

butie and | | 

+ eys- | | 

teine-treated | | 

scorbutic..... | 1.52 | 1.57 9 


* Figures in parentheses indicate the number of animals used. 
+ The mean + the standard error is given. 
t Significant at the 5 per cent level. 


the observation of decreased ketonuria after the administration 
of various precursors of oxaloacetic acid such as succinate, malate, 
and citratd. The ketolytic effect of these substances was not 
observed, however, in alloxan diabetic rats (9) nor in scorbutic 
and a,a’-dipyridyl-injected guinea pigs (2). Beatty and West 
(9) supposed that condensation of oxaloacetate with acetyl-CoA 
could not proceed efficiently in the absence of insulin. Takeda 


and Hara (2) observed decreased aconitase activity and increased 
citrate excretion in scorbutic and a,a’-dipyridyl-injected guinea 
pigs fed butyrate along with citrate or malate. They concluded 
that ketonuria in these animals was not due to a defect in the 
condensing enzyme system. Rather was it attributed to a de- 
creased oxidation of citrate as a result of decreased aconitase ac- 
tivity. 

The enormous increase in the urinary excretion of citric acid 
by scorbutic guinea pigs after the administration of butyrate per- 
haps suggests that the condensation of acetyl-CoA and oxaloace- 
tate is not diminished in scurvy. The increased excretion might 
be due to decreased oxidation of citrate. The increase in the 
urinary excretion of malic acid under similar conditions might be 
due to reversible conversion of citric acid to malic acid through 
the condensing enzyme-malic dehydrogenase system (10). Both 
normal and scorbutic guinea pigs, however, excreted increased 
amounts of ketone bodies in urine after they were fed butyrate. 

Prolonged treatment of the scorbutic animals with insulin sig- 
nificantly reduced the urinary excretion of citric acid and malic 
acid. It is likely that exogenous insulin promotes the oxidation 
of citrate and malate through the normal operation of the Krebs 
cycle. The excretion of ketone bodies was distinctly lowered by 
the insulin treatment of the scorbutic animals. Exogenous in- 
sulin possibly promotes increased oxidation of ketone bodies by 
peripheral tissues, stimulates the production of more oxaloacetate 
through restoration of the normal operation of the Krebs cycle, 
or stimulates fatty acid synthesis. Normal animals, when fed 
butyrate, excreted an increased amount of ketone bodies. Keto- 
nuria was considerably diminished when these animals were given 
injections of insulin. It seems that insulin released in normal 
guinea pigs was not sufficient to deal with the excessive amount 
of ketone bodies formed as a result of the feeding of butyrate. 

Takeda and Hara (2) considered that the decreased aconitase 
activity in scurvy was brought about by the inability of the de- 
ficient animals to keep the ferrous iron cofactor of the enzyme in 
the reduced state. There are several reports of the activation of 
aconitase by Fe*+ and cysteine (11, 12). The treatment of the 
scorbutic animals with Fe++ and cysteine, however, had no sig- 
nificant effect on the urinary excretion of ketone bodies and citric 
acid. This finding does not necessarily invalidate the possibility 
of the production of decreased aconitase in scurvy. The injec- 
tion of Fe** and cysteine might not be effective because of insuf- 
ficient dose, oxidative destruction, or quantitative diminution of 
aconitase. 

Insulin is necessary for the synthesis of proteins (13) and gluta- 
thione (14). The formation of enzymes, therefore, might be 
diminshed in prolonged insulin deficiency. Banerjee et al. (15) 
observed significantly decreased activity of succinic, malic, and 
lactic dehydrogenases in scurvy. The activity of the enzymes 
was restored to normal after prolonged treatment of the animals 
with insulin. Takeda and Hara (2) observed that the addition 
of Fe*+ and ascorbic acid to the enzyme preparation obtained 
from scorbutic animals could enhance the enzyme activity only 
to approximately 50 per cent of normal. They concluded that 
ascorbic acid depletion resulted in a quantitative decrease of the 
enzyme. It is possible that factors other than the lack of pro- 
tection of the prosthetic Fe*++ are operating in scurvy so as to 
cause a quantitative reduction in the aconitase activity. Pro- 
longed insulin deficiency with its attendant effects on the syn- 
thetic processes is more likely to be the major factor in bringing 
about the decline in the activity of aconitase in scurvy. 
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SUMMARY 


1. Urinary excretion of ketone bodies, citric acid, and malic 
acid was studied in normal, scorbutic, insulin-treated scorbutic, 
Fe** and cysteine-treated scorbutic, and insulin-treated normal 
guinea pigs before and after they were fed butyrate. 

2. The excretion of ketone bodies increased considerably after 
the feeding of butyrate in all the groups of animals. Ketone 
bodies excreted in the urine by normal, scorbutic, and Fe** and 
eysteine-treated scorbutic animals did not differ markedly. In- 
sulin treatment produced a distinct decrease in ketonuria in both 
normal and scorbutic animals. 

3. Citric acid and malic acid excretions were enormously in- 
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creased in scorbutic animals after the feeding of butyrate. These 
excretions diminished when the scorbutic animals were treated 
with insulin. Fe*+ and cysteine treatment of the scorbutic ani- 
mals reduced the urinary excretion of malic acid but did not sig- 
nificantly affect the excretion of citric acid. Injection of insulin 
into normal guinea pigs did not affect the excretion of citric acid 
and malie acid. 

4. The significance of these observations in relation to the oper- 
ation of the tricarboxylic acid cycle in scurvy has been discussed. 
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There is a marked increase in the liver glucose 6-phosphatase 
activity! of rats fed a diet devoid of a direct source of glucose 
(1). Also the ingestion of a glucose-free diet containing a high 
level of protein or fructose causes an increase in liver fructose 
1 ,6-diphosphatase activity in rabbits (2). If these findings are 
not special cases, but are representative of a general phenome- 
non, information about the metabolic pathway of a compound 
might be obtained by studying changes in the activity of glucose- 
6-Pase and fructose diphosphatase in the livers of animals that 
had ingested diets in which the compound to be studied had been 
substituted for glucose. If the substance were converted to glu- 
cose independently of phosphorylation in the liver no change 
would be expected in either the glucose-6-Pase or the fructose 
diphosphatase activity. If it were metabolized via glucose-6-P 
but not fructose-di-P an increase would be expected in the glu- 
cose-6-Pase activity. If it were metabolized via both glucose- 
6-P and fructose-di-P then both the glucose-6-Pase and the fruc- 
tose diphosphatase activities might be expected to increase. It 
is noteworthy that both fructose and protein must pass through 
fructose diphosphate in order to be converted to glucose. 

The fructose diphosphatase adaptation resembles the glucose- 
6-Pase adaptation inasmuch as both are produced in response to 
a glucogenic stress (2). However, there are some differences in the 
conditions under which the two adaptations have been studied. 
These differences are in the species of experimental animal, in 
the length of time between the start of the experiment and the 
determination of the activities, and in the nature of the response, 
z.e. at least part of the increased activity of fructose diphos- 
phatase in the rabbit is a result of activation of a preformed pre- 
cursor; whereas, the increased glucose-6-Pase activity is ap- 
parently a result of protein synthesis (3). 

Observations on the influence of several types of diets on the 
activities of liver glucose-6-Pase and fructose diphosphatase and 
observations on the nature of the fructose diphosphatase response 
in the rat are presented in this paper. 


EXPERIMENTAL 


Animals and Diets—Male Sprague-Dawley rats were used in 
all experiments. All the rats were fed the control diet (the dex- 


* Published with the approval of the Director of the Wisconsin 
Agricultural Experiment Station. Supported in part by grants 
from the Research Committee of the Graduate School from funds 
provided by the Wisconsin Alumni Research Foundation; and from 
the National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health, United States Public Health Service. 
The crystalline vitamins were kindly supplied by Merck Sharp and 
Dohme Research Laboratories, Rahway, New Jersey. 

1 Glucose-6-Pase or fructose diphosphatase activity per gram of 
liver. 


trin diet) for 3 days before being offered the experimental diets 
in order to compensate for any lack of uniformity in previous 
dietary history. During the experimental period all animals 
were fed ad libitum. The composition of the dextrin or control 
diet consisted of 65 per cent dextrin, 25 per cent casein, 5 per 
cent corn oil, and 5 per cent of salts and vitamins (4). In all 
of the experimental diets the foodstuff being investigated was 
substituted for the dextrin except in the protein-free diet in 
which dextrin was substituted for the protein. 

Assay Procedure—The animals were killed 1, 2, and 4 days 
after being offered the experimental diets. The livers were care- 
fully and completely removed, weighed, and placed in ice. The 
assays for glucose-6-Pase activity, protein, and glycogen were as 
follows. <A portion of the chilled liver was weighed on a torsion 
balance to the nearest milligram, and homogenized at 0—4° in 40 
volumes of 0.1 M potassium citrate buffer, pH 6.5. The homog- 
enate was filtered through cheesecloth and the filtrate was used 
for both the glucose-6-Pase assay and the protein determination. 
Another accurately weighed portion of the liver was used for the 
determination of glycogen (5). A portion of the homogenate 
was diluted for the protein determination (6). For the glucose-6- 
Pase assay 0.1 ml. of 0.06 m K» glucose-6-P, pH 6.5, was added 
to 0.1 ml. of the homogenate, both of which had been preincu- 
bated at 37.5° for 5 minutes. After incubation at 37.5° for 15 
minutes the reaction was stopped by adding 2 ml. of 10 per cent 
trichloroacetic acid. The activity was estimated by measuring 
the amount of inorganic phosphate released (7). These assay 
conditions produced zero order kinetics for values up to twice 
the greatest values reported. 

The fructose diphosphatase and proteolytically activated frue- 
tose diphosphatase activities were assayed as follows. A portion 
of chilled liver was weighed on a torsion balance to the nearest 
milligram and homogenized at 0-4° in 40 volumes of 0.05 m 
sodium lactate buffer, pH 5.0. The homogenate was filtered 
through cheesecloth and the filtrate was used for both the direct 
fructose diphosphatase assay and the activation assay. For the 
fructose diphosphatase assay 0.1 ml. of the homogenate was 
added to 0.9 ml. of the substrate mixture, both of which had been 
preincubated at 37.5° for 5 minutes. The substrate mixture 
contained sufficient substrate and cofactors to provide the fol- 
lowing concentrations in the final incubation mixture: 0.0025 m 
MgSO,, 0.005 m MnSO,, 0.03 m cysteine, 0.005 o fructose di-P 
(recrystallized), and 0.02 serine, final pH 9.4. After incuba- 
tion at 37.5° for 30 minutes the reaction was stopped by the addi- 
tion of 1 ml. of 10 per cent trichloroacetic acid. The increase 
in fructose diphosphatase activity on proteolysis was measured 
by adding 0.5 ml. of a 1 per cent solution of papain to 4.5 ml. of 
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TaBLeE I 
Effects of fructose, protein, and fat diets on various rat liver constituents 
| Glucose-6-Pase activity? Fructose dephosphatase activity? 
| Protein Relative 
Units ‘100 Units/gm. Units/100 gm. Units/gm. Proteolytic — liver size 
gm. body weight of liver body weight of liver activation? | | 
Dextrin 100 + 2¢ 100 100 + 2 100 | 4.9 4.9 
Fructose | 182 + 54 164 116 + 44 a 166 5.6 5.5 
Protein | 132 + 44 117 157 + & | 134 | 56 ISS 5.5 3.@ 
Fat 137 + 5 150 114 + 34 120 | 53 1S] | 4.5 ) 


@ All glucose-6-Pase and fructose diphosphatase activity values are reported as per cent of the control value. 


values in absolute units. 
> Increase in activity after incubation with papain (see text). 


See text for control 


¢ Standard error of the mean, all values are the average of nine animals. 
4 The difference between these groups and the dextrin group showed a probability of less than 0.05 and less than 0.01. 


the homogenate and incubating the mixture at 37.5° for 20 min- 
utes, after which time 0.1 ml. of the papain-treated enzyme was 
added to 0.9 ml. of the substrate mixture, which had been in- 
cubated at 37.5° for 5 minutes. The assay was then carried out 
in exactly the same manner as the fructose diphosphatase assay, 
except that the incubation was stopped after 15 minutes. The 
final results were corrected for the dilution of the homogenate 
with the papain solution. The activities in both cases were 
estimated by measuring the amount of inorganic phosphate re- 
leased (7). These assay conditions produced zero order kinetics 
for values up to 3 times the greatest values reported. 

There are some differences between the fructose diphosphatase 
of rabbit: liver homogenates as studied by McGilvery et al. (2) 
and that of rat liver homogenates.2. The fructose diphosphatase 
activity is greater in rat liver and the enzyme behaves differently 
on autolysis. When the whole rat liver homogenate is incubated 
for as long as 8 hours at pH 4.5 or 5.0 and 37.5° there is no in- 
crease in fructose diphosphatase activity, whereas there is an in- 
crease within 1 to 2 hours in the fructose diphosphatase activity 
of whole rabbit liver homogenates incubated under similar con- 
ditions. The rabbit liver microsome ‘activator preparation”’, 
which induces a rapid rise in fructose diphosphatase activity 
when it is incubated with rabbit liver homogenate (8), failed to 
increase the fructose diphosphatase activity of rat liver homog- 
enate. Rat liver homogenate had the same fructose diphospha- 
tase activity as a preparation obtained after comnenean of the 
homogenate at 3,000 x g for 40 minutes. 


RESULTS 


Enzyme Units—The amount of enzyme which causes the re- 
lease of 1 pmole of inorganic phosphate from glucose-6-P in 1 
minute at 37.5° and pH 6.5 is defined as 1 unit of glucose-6- 
Pase. The amount of enzyme which causes the release of 1 
umole of inorganic phosphate from fructose-di-P in 1 minute at 
37.5° and pH 9.4 is defined as 1 unit of fructose diphosphatase. 
Values for glucose-6-Pase and fructose diphosphatase activities 
were calculated per gm. of liver and per unit of body weight. 
Standard errors are given for values calculated per unit of body 
weight since a true metabolic adaptation of a system that pro- 


2R. A. Freedland and R. W. McGilvery, unpublished results. 

3 Glucose-6-Pase or fructose diphosphatase activity per unit of 
body weight equals total liver glucose-6-Pase or fructose 1,6-di- 
phosphatase activity times 100 divided by the body weight. 


vides a substrate for all body tissues should result in a change in 
the activity of the system on a body weight basis. 

Table I shows the effect on certain liver constituents of substi- 
tuting for the dextrin of the control diets substances which must 
pass through both fructose-di-P and glucose-6-P before they are 
converted to glucose. The conversion of fructose to glucose in 
the liver has been shown to proceed by way of fructose-di-P (9). 
The protein of the high protein diet and the glycerol and protein 
of the high fat diet proceed to glucose through a reversal of 
glycolysis and hence through both fructose-di-P and glucose-6-P. 
Both the glucose-6-Pase and the fructose diphosphatase activi- 
ties per unit of body weight increased significantly over the values 
for the dextrin group in all three of the cases. The average 
values for glucose-6-Pase and fructose diphosphatase activities in 
absolute units for all dextrin or control groups were as follows: 
glucose-6-Pase per 100 gm. of body weight, 66; per gm. of liver, 
13.45; fructose diphosphatase activity per 100 gm. of body 
weight, 29.4; per gm. of liver, 6.06. All the experimental groups 
readily accepted the diets, as evidenced by the values for liver 
glycogen content compared to that for fasted animals (see Table 
IV). The per cent increase in fructose diphosphatase activity 
after incubation with papain was essentially the same for the 
control and the experimental groups, thus indicating that the 
increase in fructose diphosphatase activity in the experimental 
groups was not a result of proteolytic activation. 

Table II shows the effect on certain liver constituents of sub- 
stituting for the dextrin of the control diet substances which 
pass through glucose-6-P but not fructose-di-P before being con- 
verted to glucose. The conversion of galactose to glucose occurs 
by way of galactose 1-phosphate, glucose 1-phosphate and glu- 
cose-6-P (10). The conversion of mannose to glucose proceeds 
by way of mannose 6-phosphate, fructose 6-phosphate and glu- 
cose-6-P (11). In each case the glucose-6-Pase activity per unit 
of body weight-increased markedly but there was a decrease in 
the fructose diphosphatase activity per unit of body weight in 
both groups. The liver glycogen concentrations again indicate 
that the animals were accepting the diets. 

Table III shows the effects on certain liver constituents of sub- 
stituting for the dextrin in the diet carbohydrates for which the 
pathway of metabolism has not been conclusively elucidated. 
Sorbose, sorbitol, and mannitol all produced very significant in- 
creases in the glucose-6-Pase activity per unit of body weight 
but there were no significant changes in fructose diphosphatase 
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TaBLeE II 
Effect of galactose and mannose diets on various rat liver constituents 
| Glucose-6-Pase Activity® Fructose diphosphatase activity® | 
| ‘Protein Relative | 
Diet | mg Mg./gm. liver | Glycogen 

| Units/100 Units/gm. Units/100 Units/gm. | Proteolytic © liver size | 

gm. body weight of liver gm. body weight — of liver activation? | | 

| 
Dextrin | 100 + 2¢ 100 | 100 + 2° | 100 oS | 162 | 4.9 4.9 | 
Galactose | 140 + 74 156 | SS + 4° 98 62 | 185 | 4.4 2.1 
Mannose 118 + 6 173 91 +4¢ | 126 54 | 188 | 3.6 1.5 

| 


* All glucose-6-Pase and fructose diphosphatase activity values are reported as per cent of the control value. See text for control 
values in absolute units. | 

>See Table I. 

¢ Standard error of the mean, all values are the average of nine animals. 

¢ The difference between this group and the dextrin group showed a probability of less than 0.01. | 

¢ The difference between these groups and the dextrin group showed a probability of less than 0.05. 


III 
Effects of sorbose, sorbitol, and mannitol diets on various rat liver constituents 

Glucose-6-Pase activity | Fructose diphosphatase activity | 
| Protein Relative 
Diet : Mg./gm. liver Glycogen ! 

Units/100 Units/gm. Units, 100 Units/gm. Proteolytic liver size 
gm. body weight of liver | gm. body weight of liver activation” ) 
| | % 
Dextrin 100 + 2° 100 100 + 2° 100 58 | 162 4.9 4.9 aS 
Sorbose 154 + 54 197 100 + 4 122 eS 3 3.7 0.9 | 
Sorbitol 137 + 34 186 | 93 + 4 126 62 | 184 3.5 0.4 , 
Mannitol 147 + 34 211 100 + 3 138 52 | 204 3.4 0.7 ¢ 
@ All glucose-6-Pase and fructose diphosphatase activity are reported as per cent of the control value. See text for control values 
in absolute units. ¢ 
’ See Table I. ¢ 
¢ Standard error of the mean, all values are the average of nine animals. t 
4 The difference between these groups and the dextrin group showed a probability of less than 0.01. c 

TABLE IV 
Effect of fasting and protein free diet on various tat liver constituents ( 
| 
Glucose-6-Pase activity? | Fructose diphosphatase activity® 
Protein Relative d 
Diet Me./gm. liver Glycogen 

Units/100 Units/gm. Units/100 Units/gm. Proteolytic iver size e 
gm. body weight of liver gm. body weight of liver activation? c 
% % 
Dextrin 100 + 2 100 100 + 2 100 58 162 4.9 4.9 . 
Protein-free 86 + 5¢ 106 | 0 82 + 5 88 64 128 4.4 8.3 t 
Fasting 114+ 8 1588 | & 5 109 56 192 3.4 0.1 t 


t 
@ All glucose-6-Pase and fructose diphosphatase activity are reported as per cent of the control value. See text for control values = 6 
in absolute units. p 


> See Table I. 
¢ Standard error of the mean, all values are the average of nine animals. l 
4 The difference between this group and the dextrin group showed a probability of less than 0.05. 
¢ The difference between these groups and the dextrin group showed a probability of less than 0.01. : 
activity per unit of body weight or in the per cent increase in Table IV shows the effect on various rat liver constituents of : 
fructose diphosphatase activity upon incubation of the homog- fasting and of feeding a protein-free diet. Rats receiving a pro- 
enate with papain. The diets used in this experiment were not _ tein-free diet showed a significant decrease in glucose-6-Pase and " 
readily accepted by the animals, nevertheless, the liver glycogen fructose diphosphatase activity per unit of body weight. This is | 
content and the glucose-6-Pase and fructose diphosphatase ac- the only dietary treatment that has so far been found to produce i 
tivities per unit of body weight were significantly higher in each an appreciable decrease in the glucose-6-Pase activity per unit of 
case than the values for fasted animals. (See Table IV). body weight in rats fed ad libitum. The removal of certain en- 
di 
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docrine glands also causes a marked decrease in glucose-6-Pase 
activity per unit of body weight (12, 13) but a 7-day fasting 
period does not decrease the glucose-6-Pase activity per unit of 
body weight (14). The rats fed the protein-free diet also showed 
a slight decrease in relative liver size,‘ a significant decrease in 
liver protein concentration, and a significant increase in liver 
glycogen concentration. Fasted animals showed a rise in glu- 
cose-6-Pase activity per unit of body weight but the rise was not 
significant. The fructose diphosphatase activity per unit of 
body weight of the fasted animals showed a significant decrease, 
indicating that fructose diphosphatase is not retained as tena- 
ciously as glucose-6-Pase under extreme stress conditions such as 
starvation. The fasted animals also showed a marked decrease 
in relative liver size and liver glycogen concentration. The liver 
glycogen concentration of the fasted animals was significantly 
lower than that of any of the other experimental groups. 


DISCUSSION 


The hypothesis that the ingestion of a diet devoid of a direct 
source of glucose but containing a high level of a compound that 
is converted to glucose via glucose-6-P should cause an increase 
in glucose-6-Pase activity and that the ingestion of a comparable 
amount of a compound that is converted to glucose by way of 
fructose-di-P should increase the fructose diphosphatase activity, 
was borne out. The activities of both enzymes increased signifi- 


_ cantly when protein or fructose, both of which must go through 


both glucose-6-P and fructose-di-P, were fed as a high percentage 
of the diet and also when the diet was high in fat. The glucose- 
6-Pase activity increased, but the fructose diphosphatase activity 
decreased, when either mannose or galactose, both of which are 
converted to glucose by way of glucose-6-P, but not fructose- 
di-P, was fed as the sole carbohydrate source. The decrease in 
the fructose diphosphatase activity may indicate that under these 
conditions fructose diphosphatase is not needed to so great an 
extent as certain other enzymes. 

The high glucose-6-Pase activity and the unaltered fructose 
diphosphatase activity observed when sorbose, sorbitol, and 
mannitol were fed suggest that these compounds are metabolized 
differently from the other foodstuffs examined, but similarly to 
each other. The high glucose-6-Pase activity suggests that glu- 
cose-6-P is an intermediate in the conversion of these compounds 
to glucose and the maintenance of fructose diphosphatase ac- 
tivity, as compared to the fall observed when mannose and galac- 
tose were fed, suggests that at least a portion of each must pass 
through fructose-di-P. If they had to be converted completely 
to fructose before being metabolized an increase in both glucose- 
6-Pase and fructose diphosphatase activity would have been ex- 
pected. 

There is some evidence that sorbitol is metabolized by first 
being converted to fructose (15, 16); however, comparatively 
small amounts of sorbitol were used in the experiments or only 
part of the sorbitol was accounted for as fructose, so the possi- 
bility that there may be two or more pathways for the conversion 
of sorbitol to glucose is not ruled out nor is the possibility that a 
compound may be metabolized differently when fed or injected 
in small amounts than when it is fed in large quantities. 

It is unlikely that activities such as were observed could be 
accounted for by a low food intake or by the failure of the ani- 


‘ Relative liver weight equals the weight of the liver times 100 
divided by the body weight. 
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mals to absorb these compounds. In the first place the glucose- 
6-Pase activity was high compared to that of fasted animals, 
and in the second, fructose diphosphatase was low compared to 
that of the group fed a high protein diet. If these compounds 
were not absorbed, the diet would be essentially a high protein 
diet. 

Enzyme activities such as were observed might be expected if 
these compounds were converted in part to fructose or lactic 
acid either during absorption or after reaching the liver, particu- 
larly since a small amount of fructose in the diet has a marked 
effect on glucose-6-Pase activity (17). In line with this is the 
possibility that mannitol reaches the liver unchanged and also 
may be partially converted to fructose and partially phospho- 
rylated to mannitol 6-phosphate which is converted to mannose 
6-phosphate or fructose 6-phosphate (18). There is also the 
possibility that sorbitol reaches the liver unchanged and that 
sorbose is reduced to sorbitol before it is metabolized. Sorbitol 
might then be partially converted to fructose and partially phos- 
phorylated to sorbitol 1-phosphate which is converted to fructose 
6-phosphate or to glucose-6-P. These possibilities would be con- 
sistent with the data and would account for the maintenance of 
the fructose diphosphatase activity and the increase in glucose- 
6-Pase activity. 

It is interesting that in all cases in these experiments with rats, 
regardless of whether the fructose diphosphatase activity in- 
creased or decreased, the percentage activation on proteolysis 
was constant. This differs markedly from the fructose diphos- 
phatase adaptation in the rabbit, in which the percentage in- 
crease in activity on autolysis and proteolysis was less when the 
fresh (nonautolyzed) fructose diphosphatase activity increased 
(2). It was only after a prolonged period on the diets causing 
the adaptation that the percentage increase on autolysis or pro- 
teolysis was equal to that of the control rabbits. This is an in- 
dication that the fructose diphosphatase adaptation is a result 
of protein synthesis in the rat and not of an activation of a fruc- 
tose diphosphatase precursor already present. 

This method of studying metabolic pathways appears worthy 
of further investigation. It is possible that fructose diphospha- 
tase may respond to a glucogenic stress less rapidly than glucose- 
6-Pase and that some advantage may be gained by permitting 
the animals to eat the experimental diets for a longer period of 
time. The procedure has the advantages of an assay in vivo in 
that a large amount of any palatable compound under investiga- 
tion can be administered without the need of stomach tubing or 
injection and the final results are obtained by a relatively simple 
procedure in vitro. 


SUMMARY 


1. Rats fed on diets in which protein, fat, or fructose was sub- 
stituted for dextrin, a direct source of glucose, showed a marked 
increase in liver glucose 6-phosphatase and liver fructose 1 ,6- 
diphosphatase activity per unit of body weight. 

2. Rats receiving diets in which galactose or mannose was 
substituted for dextrin showed a marked increase in glucose 
6-phosphatase activity and a marked decrease in fructose 1,6- 
diphosphatase activity. 

3. When sorbitol, sorbose, or mannitol was substituted for the 
dextrin of the diets fed to rats the glucose 6-phosphatase activity 
increased markedly and the fructose 1 ,6-diphosphatase activity 
showed no change. 

4. The percentage activation of fructose 1,6-diphosphatase 


| 
n 
; of 
yro- | 
ind 
sis | 
uce | 
of 


1354 Metabolic Pathways and Adaptations Vol. 234, No. 6 
activity on proteolysis was constant with all experimental groups, 5. A relationship between the pathway by which a compound 
regardless whether the initial fructose 1,6-diphosphatase ac- is converted to glucose and its effect on glucose 6-phosphatase 
tivity increased or decreased. and fructose 1 ,6-diphosphatase activities was observed. 
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For many decades the phenomenon of phagocytosis has been 
of prime interest to medical scientists as an important factor in 
the defense of the host in infectious disease (1, 2). As a mani- 
festation of cellular activity, it has also held the interest of biol- 
ogists in general. However, the biochemical mechanisms that 
underlie the ingestion of relatively large particles by phagocytes 
have not been systematically studied. 

Occasional reports have appeared in the literature which in- 
dicated a transient increase in oxygen uptake by leukocytes dur- 
ing phagocytosis (3-5). During studies of the host-parasite re- 
lationship in our laboratory (6-8), a dramatic increase in the 
oxygen uptake rates of polymorphonuclear leukocytes or mono- 
evtes was observed while tubercle bacilli were being ingested. 
Such observations might be interpreted as offering evidence con- 
trary to widely held opinions that phagocytosis is a process which 
does not require a specific expenditure of energy on the part of 
the phagocytizing cell (9, 10). The present paper contains re- 
sults of a study of some changes in the metabolic patterns of 
leucocytes which occur during the phagocytic! event. In par- 
ticular the relationship between glucose metabolism and phago- 
cytosis, and the influence of various inhibitors on both processes, 
have been examined. Preliminary reports have appeared previ- 
ously (11-13). 


EXPERIMENTAL 


Guinea pigs weighing 300 to 400 gm. were used in all experi- 
ments. The animals, usually males, were purchased from out- 
side dealers and were fed with pellets, water ad libitum, and cab- 
bage. 

Suspensions of Polymorphonuclear Leukocytes—The prepara- 
tion of suspensions rich in polymorphonuclear leukocytes has 
previously been described (6). Sixteen to 18 hours after the 
intraperitoneal injection of a sterile 12 per cent solution of sodium 
caseinate, an exudate rich in polymorphonuclear leukocytes (80 
to 90 per cent) was collected by washing the peritoneal cavity 


* This work was supported in part by a contract with the Atomic 
Energy Commission and by a grant from the National Institute of 
Allergy and Infectious Disease of the National Institutes of Health, 
United States Public Health Service. It was also supported by a 
grant from the Eugene Higgins Trust through Harvard University. 

+ Work carried out during the tenure of a Lederle Medical Fac- 
ulty Award. 

1 “Phagocytosis”’ in this paper is used to describe the process of 
ingestion of particles by cells. The fate of the particles ingested 
is not considered here. 
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with 40 to 50 ml. of physiological sodium chloride solution con- 
taining 0.005 per cent heparin. The cells were collected in 50-ml. 
celluloid tubes and were lightly centrifuged and resuspended in 
phosphate-free Krebs-Ringer solution. The cells were main- 
tained in the cold (Q—4°) after removal from the animals. Total 
cellular phosphorus of this suspension was measured on aliquots. 
Such determinations were found to be a more satisfactory meas- 
ure of cellular protoplasm than conventional counting methods; 
100 ug. of cellular phosphorus represents 5.53 & 107 cells. Phos- 
phate buffer was now added to the suspension to yield a suspen- 
sion of cells in the usual Krebs-Ringer phosphate medium buff- 
ered at pH 7.4. 

Inert Particles—Two types of inert particle were used for 
phagocytosis experiments: polystyrene latex spherules, usually 
1.171 w in diameter, and insoluble starch granules of Amaranthus 
cruenthus (14). These were suspended in the buffered medium. 
The authors are deeply indebted to Dr. J. W. Vanderhoff and the 
Dow Chemical Company for a generous supply of polystyrene 
particles, and to the Northern Regional Research Laboratories 
for a gift of starch particles. 

Metabolic Inhibitors—All of the common inhibitors were of 
analytical reagent grade. Antimycin A was obtained from the 
Wisconsin Alumni Research Foundation. It was dissolved in a 
small quantity of ethanol and brought to volume with Krebs- 
Ringer phosphate medium. In control experiments the relevant 
amount of alcohol was included. 

Radvoactive Substrates—Uniformly labeled glucose-C', glucose- 
1-C™ and glucose-6-C™ were procured from the Nuclear-Chicago 
Instrument and Chemical Company. Glucose-1-C"™ and glucose- 
6-C™ samples were also obtained through the courtesy of Dr. H. 
Isbell of the National Bureau of Standards. 

Phagocytosis-Promoting Factors—It has previously been re- 
ported that phagocytosis by leukocytes occurs maximally only in 
the presence of serum. This is usually regarded as being due to 
the presence in serum of complement. Fresh guinea pig serum 
or stored horse serum were used in early experiments to promote 
phagocytosis. When it was necessary to avoid complications in 
metabolic measurements due to the presence of small organic 
molecules in serum, a solution of a thoroughly dialyzed protein 
fraction of human plasma was substituted for serum. This pro- 
tein fraction was kindly provided by Drs. James Tullis and D. 
Surgenor of the Protein Foundation, and is referred to by those 
workers as ‘“‘Phagocytosis-Promoting Factor” (15). It is a mix- 
ture of a-1 and 6-globulins, and was supplied as a frozen-dried 
powder containing NaCl. 
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General Experimental Procedure—The phagocytosis experi- 
ments were carried out in Warburg flasks at 37° in the following 
way. The main compartment contained the leukocytic suspen- 
sion (about 5.5 & 10’ cells; 100 wg. of cellular phosphorus) in 1 
ml.; serum (1.0 ml.) or phagocytosis-promoting factor (268 ug. of 
protein N); the final volume in this compartment was 2.6 ml. 
The side arm contained 0.2 ml. of glucose (30 umoles) and 0.2 
ml. of particles (10 mg.; about 2  10!° particles in the case of 
polystyrene or about 4.5 10° particles in the case of the starch). 
In control flasks, the side arm contained 0.2 ml. of medium. 
Where metabolic inhibitors were used, these were also placed in 
the side arm. The center well contained 0.2 ml. of 20 per cent 
KOH solution and a filter paper fan or, in the case of experiments 


with KCN as inhibitor, KOH-KCN mixtures as described by: 


Umbreit et al. (16). After equilibration of the flasks the side 
arms were tipped, and measurements of oxygen uptake made for 
a suitable period. 

Chemical Determinations—When chemical analysis of the flask 
contents was desired, phagocytosis was stopped by adding 0.5 
ml. of 0.1 m iodoacetate to each flask and immediately trans- 
ferring the contents of each flask quantitatively to centrifuge 
tubes held at ice-bath temperature. The cells were then cen- 
trifuged and washed twice. The supernatant fluids were col- 
lected, brought to volume, and analyzed. The cells were di- 
gested and their glycogen content was determined. Glucose 
and glycogen analyses were determined by the methods of Mendel 
et al. (17) and Kemp et al. (18). Mr. Warren Evans of these 
laboratories, with the use of guinea pig exudates, has compared 
these methods with the more conventional methods of Nelson 
(19) and Good et al. (20) and has found them to yield identical 
results. Lactic acid was determined by the method of Barker 
and Summerson (21). 

Determinations of Radioactivity—At the conclusion of the in- 
cubation the contents of the center well were quantitatively re- 
covered, and the carbonate precipitated as BaCQ; (22). The ac- 
tivities of glucose samples used as substrate were determined on 
their osazones. All radioactive measurements were carried out 
as previously described (23). 

Counting of Engulfed Particles—At the conclusion of many 
experiments, phagocytosis was measured by counting the num- 
ber of leukocytes showing engulfment according to the method 
of Hamburger (24) under the phase microscope. 


RESULTS 


Effect of Particle Concentration on Respiration During Phago- 
cytosis—The extent of the increased oxygen consumption when 
polymorphonuclear leukocytes were allowed to engulf particles is 
exemplified in Fig. 1. Respiration of phagocytizing cells was 
more than double that of “resting’’ cells during the first hour 
after tipping in the particles, and later declined. It was im- 
portant to discover whether this effect was related to the number 
of particles engulfed, and experiments were thus carried out in 
which the concentration of particles offered to a constant num- 
ber of leukocytes was varied. The results of a typical experiment 
are shown in Fig. 2. The increment in oxygen uptake increased 
with the number of particles available for engulfment until a 
maximal value was reached. 

Requirement of Serum in Phagocytosis—The influence of serum 


2 “Resting’’ cells in this paper refers to cells which are incubated 
in the absence of particles. 
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concentration in the presence of an optimal concentration of 
available particles was studied. The results of such experiments 
are presented in Fig. 3. The increment in oxygen uptake during 
phagocytosis was found to vary with the concentration of serum 
added. At very low serum levels the oxygen uptake of cells in 
the presence of particles was only slightly higher than the rest- 
ing level. Maximal stimulation occurred when serum levels 
reached about 30 per cent of the medium. 

In all the experiments mentioned above it was found that par- 
ticle uptake, determined by direct count under the phase micro- 
scope correlated well with the increment in oxygen uptake. 
Thus, cells which had exhibited considerably increased respira- 
tion always contained numerous particles, whereas those whose 
respiratory level was close to the resting level contained few par- 
ticles; for example, without added serum about 30 per cent of the 


ul O, / 100 y CELLULAR P 


30 
MINUTES 


Fic. 1. Respiration of guinea pig peritoneal exudate cells (80 
per cent polymorphonuclear leukocytes) at rest and during phago- 
cytosis. @——@®, resting cells, no particles present; O——O, 
polystyrene particles introduced at zero time. Fresh guinea pig 
serum was present to an extent of 30 per cent of the medium. 
For details, see ‘‘“General Experimental Procedure’”’ under “Ex- 
perimental.’’ 
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Fic. 2. Effect of concentration of starch particles on the in- 
crement in respiration during phagocytosis. Guinea pig peri- 
toneal exudate cells (80 per cent polymorphonuclear leukocytes) 
were used. Fresh guinea pig serum was included in the medium 
to an extent of 30 per cent. The data refer to an experimental 
period of 60 minutes. 
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Fig. 3. Effect of concentration of serum in the medium on the 
oxygen uptake of guinea pig peritoneal exudate cells in the ab- 
sence and presence of starch particles. @——®, resting cells, no 
particles present; O——O, cells plus starch particles introduced 
at zero time. The data refer to an experimental period of 60 min- 
utes. 


cells contained 1 to 10 particles per cell. In the presence of 66 
per cent serum in the medium, 91 per cent of the cells contained 
particles, usually more than 10 particles per cell. A point of con- 
siderable importance was the fact that serum heated at 56° for 
30 minutes was inactive in stimulating phagocytosis as measured 
by direct count. Only 13 per cent of the cells contained particles. 
There was also no increase in oxygen uptake. This conforms 
with previous observations by others on the phagocytosis-pro- 
moting role of serum (25), and emphasizes the correlation be- 
tween increased respiration and particle uptake under aerobic 
conditions. The limitations of the method of direct counting of 
engulfed particles as a measure of phagocytosis will be discussed 
later. Application of this method in a few key experiments is 
presented in Table I. ; 

In ensuing experiments aimed at obtaining information on 
metabolic changes during phagocytosis, it was desirable to elim- 
inate serum from the medium since serum contains various small 
molecules which might obscure the metabolic picture. Conse- 
quently the phagocytosis-promoting factor of Tullis and Sur- 
genor (15) was substituted for serum, at a level equivalent to 30 
per cent serum in the medium. This protein fraction was as ef- 
fective in permitting phagocytosis as serum, by the criteria of 
direct particle count and increased respiration. 

Glucose Utilization and Lactate Production During Phagocytosis 
Under Aerobic and Anaerobic Conditions—The cells used in these 
experiments exhibit a marked Pasteur effect as may be seen in 
Table Il below. Further, they show a definite Crabtree effect. 
In previous work these cells were incubated in the absence of 
exogenous glucose, and showed a Qo, (P) of 36.5 (6). In the 
present study the Qo, (P) was measured in the presence of glu- 
cose (10 uwmoles per ml.) and a mean value of 18.7 was obtained 
from many experiments (Table III). In two experiments car- 
ried out to check this point within the present study, Qo, (P) 
values of 25.6 and 29.2 were obtained in the absence of glucose. 
In the presence of 10 umoles glucose per ml. the Qo, (P) figures 
were 12.8 and 17.5, respectively. Further it is of interest to 
note that phagocytosis occurred in the absence of glucose and 
that the increment in oxygen uptake that accompanies phago- 
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cytosis was substantially the same whether glucose had been 
added to the system or not. For example, in six experiments the 
increment in Qo, (P) associated with particle uptake was 34.3 + 
2.5 wl. in the absence of glucose and 38.3 + 2.0 yl. in the pres- 
ence of glucose, for a given concentration of particles in the 
medium. 

In order to obtain maximal differences in glucose utilization 
and lactate production between resting and phagocytizing cells, 
the exposure of leukocytes to particles was restricted to a period 
of only 30 minutes. The results of these experiments are shown 
in Table Il. It should be mentioned that phagocytosis, deter- 
mined by direct count, proceeded just as well in the absence of 
oxygen as in its presence (see Table I). Glucose consumption 
and lactate production by resting cells under anaerobic condi- 
tions were, as expected, (6) considerably greater than under 


TABLE I 


Representative data on distribution of engulfed particles under 
various conditions 


Particles per cell* 


Conditions Experi- 
ments 
0 1-5 6-10 | 11-15 | >15 

Aerobic (Normal) 1 5 S 8 78 2 
Anaerobic 3 5 3 10 79 2 
Normal 3 7 8) 9 72 4 
lodoacetate (1 10-*m)) 16 23 25 27 2 
Normal 1 10 18 8 63 2 
NaF (2 X 107? m) 13 35 14 8 30 2 
Normal 6 18 2 2 72 3 
KCN (1 X 1073 mM) S 10 2 2 78 3 
Normal 3 0 12 16 69 2 


Dinitrophenol (1 xX 1 2 6 15 76 2 
10-4 


* Results expressed as percentage of cells containing the desig- 
nated number of particles. 


TABLE II 


Utilization of glucose and production of lactate during phagocytosis 
| 
| pmoles | pmoles pumoles 
Anaerobic 4 —- 0.1 | 0.1 | 2.8 + 0.2 
+ 3.6 + 0.2 
pt <0..05 | <0.01 <0.05 
| 1.1 + 0.2 | 2.6 + 0.2 
p | | >0.9 <0.02 


| | 


* — represents resting cells; no particles present. + represents 
presence of particles, phagocytosis occurs. 

+t Results expressed as umoles of glycogen-glucose, glucose, or 
lactate used or produced respectively per 100 ug. of cellular phos- 
phorus in 30 minutes. In aerobic experiments glycogen and glu- 
cose are expressed together. Initially 10 wmoles glucose was 
present per ml. of the medium. 

t p has the usual connotation as a probability value referring 
to differences between resting and phagocytizing cells. The mean 
and standard error of the mean is given in each case. 
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TaBLeE III 
Respiration and glucose utilization during phagocytosis* 


| Activity in CO2 
Qoz (P) Lactate 
C-1f C-6t C-1:C-6 
pl. ul. | c.p.m. c.p.m. c.p.m. c.p.m. | ug. ug. 
18.7 + 0:7 | 45.6 + 2.4 211 4 18 1406 + 139) 26644 /654+ 10) 8.1 | 21.6 | 357 + 51 | 371 + 28 
pt <0.001 | <0.001 <0.01 >0.8 
Experiments 34 25 25 25 7 


* All results are given on the basis of 100 wg. of cellular phosphorus per hour. 
Radioactivity data are normalized to 1 X 105 ¢.p.m. added to the flasks as glucose. 


+ Glucose labeled in C-1 or C-6 used as substrate. 


t The mean and standard error of the mean is given in all cases. 


without and with particles, respectively. 


aerobic conditions. Further, the effect of particle ingestion on 
these functions was considerably more marked under anaerobic 
conditions than under aerobic conditions. Indeed no significant 
differences in glucose consumption between resting and phago- 
cytizing cells appeared under aerobic conditions, probably be- 
cause the values reported represent small differences between 
large values, since polymorphonuclear leukocytes contain con- 
siderable amounts of glycogen (26). The figures for glucose con- 
sumption under anaerobic conditions do, however, indicate that 
phagocytizing cells utilize more substrate than resting cells and 
under both sets of conditions there was increased lactate produc- 
tion during phagocytic activity. An interesting feature of the 
data obtained is the fact that, under anaerobic conditions the 
fraction of glucose used which was accounted for as lactate (61 
per cent) was greater in resting cells than in phagocytizing cells 
(42 per cent). 

It has been mentioned above that phagocytosis occurred ac- 
tively in the absence of added glucose in the medium. In ex- 
periments under such conditions glycogen breakdown was sig- 
nificantly increased and lactate production greatly enhanced 
during phagocytosis. Under anaerobic conditions the latter 
function was increased 5-fold; aerobically it was doubled by the 
phagocytic event when measurements were made for a 30-min- 
ute period after the commencement of particle uptake. 

Pathways of Glucose Utilization During Phagocytosis—It has 
been previously observed in these laboratories that phagocytosis 
induced a great increase in CO: production from glucose carbon 1 
relative to glucose carbon 6 (8). In those experiments the me- 
dium included fresh guinea pig serum (2 per cent) which created 
some difficulty in establishing the quantitative significance of the 
observations. This difficulty was eliminated in the present ex- 
periments, as has been mentioned above, by substituting a phago- 
cytosis-promoting factor for serum. In Table III are given the 
results of experiments carried out with glucose-1-C™ and glu- 
cose-6-C™ with resting and phagocytizing cells. It may be seen 
that while oxygen uptake and conversion of glucose carbon 6 to 
CO, increased 24-fold during phagocytosis, the conversion of glu- 
cose carbon 1 to CO2 was stimulated 7-fold. Further, in experi- 
ments to compare the appearance of C™Q, from glucose-1-C™ 
and from uniformly labeled glucose-C™, C-1:C-U ratios in the 
expired CO, rose from 2.4 in resting cells to 2.6 in phagocytizing 
cells (cf. 8). From all these results it appeared that the utiliza- 
tion of glucose via the direct oxidative pathway was increased 


p refers to the probability value for differences between systems 


during phagocytosis relative to the pathway via pyruvic acid and 
the tricarboxylic acid cycle. 

When phagocytosis was allowed to proceed under anaerobic 
conditions in the presence of glucose-1-C™ or glucose-6-C", it was 
noted that the ingestion of particles brought about no change in 
the appearance of glucose carbon 6 as COz, whereas the appear- 
ance of glucose carbon 1 as COz was almost doubled. Resting 
cells, under anaerobic conditions, produced labeled CO, from 
glucose-1-C"™ or glucose-6-C to an extent of about half that ob- 
served aerobically. 

Influence of Various Metabolic Inhibitors on Phagocytosis and 
the Patterns of Glucose Utilization—A number of commonly used 
inhibitors were studied with the hope of obtaining information 
on metabolic pathways to which phagocytosis might be linked. 
The data obtained are presented in Tables I and IV through 
VIII. The experiments were carried out at several concentra- 
tions of each inhibitor, but the tables quote results for only those 
concentrations at which the most important results were ob- 
tained. 

Sodium iodoacetate decreased glycolysis, as was expected, and 
depressed phagocytosis to a minimal level. No changes in the 
pattern of glucose utilization were observed in the presence of 
particles as compared with resting cells. In the case of sodium 
fluoride, respiration of resting cells was greatly increased and 
lactate production diminished. The appearance of glucose car- 
bon 1 as CO, was enhanced almost to the same degree as was 
respiration. In the presence of particles, there appeared to be a 
further increase in oxygen uptake, but no significant change in 
the conversion of glucose carbon 1 to CO2. Again, phagocytosis 
was depressed to the minimal level. 

The effects observed with potassium cyanide and antimycin A 
were very similar. In both cases active phagocytosis was mani- 
fested although the respiration of resting cells was greatly dimin- 
ished. The phagocytic event, however, was accompanied by a 
real increment in oxygen uptake which, at least in the case of 
antimycin A, was not different from the increment obtained dur- 
ing phagocytosis in the absence of the inhibitor. The appearance 
of glucose carbon 1 as CO, was not significantly altered in resting 
cells by the inhibitors. Phagocytosis was not accompanied by 
an increase in the conversion of glucose carbon 6 to CO, but the 


increased conversion of glucose carbon 1 to COs, associated with | 
phagocytosis, was essentially unaffected by the inhibitors. The | 


p 
?p 
| | 

a 

| 
in 
| Pa 
Nc 
| 9 
Dp. 
p 
Ex 
Pa 
No 
1 X 
Ex 
| 
Part 
Nor 
3.3 
my 
Pi. 
Ex; 
Exp 


) 


TaBLe IV 
Influence of 1odoacetate on respiration and glucose utilization, and phagocytosis* 


| Activity in CO: 
Qo, (P) Lactate Phagocytosis 

pil. ul. c.p.m. c.p.m. | c.p.m. c.p.m. ug pg. 

SRT Poe 16.9 + 2.0 43.9 + 2.3) 254 + 25 (2121 + 79 55 4 396 + 16 4.6 | 22.7 | 586 496 | Normal 
1X 10-4 m iodoacetate...| 19.1 + 1.5 23.5 + 3.7) 180 + 23 | 201 + 166 66 + 7 66 + 20 2.7 4.4 | 206 198 | Minimal 
<0.5 <0.01 <0.1 <0.01  <0.2  <0.5 

Experiments............. 3 | 3 2 | 2 fe ae ee 2 2 1 1 3 


* All results are given on the basis of 100 wg. of cellular phosphorus per hour. Radioactivity data are normalized tol X 105 ¢.p.m. 
added to the flasks as glucose. 

t Glucose labeled in C-1 or C-6 as substrate. 
t Refers to probability values for differences due to the inhibitor. The normal (control) values (top line) are given only for exper- 
- iments concerning this inhibitor. For all normal values obtained see Table III. 
§ Refers to probability values for differences caused by the presence of particles when the inhibitor was present. 


TABLE V 
Influence of NaF on respiration and glucose utilization, and phagocytosis* 


ol | Activity in COs | 
Qo, (P) Lactate Phagocytosis 
C-1 C-6 C-1:C-6 

4 pl | pl. c.p.m. c.p.m. c.p.m | C.p.m. ug. 

Particles. ......... | | + | + + 
eee ue: 18.3 + 1.9 45.4 + 5.8 239 + 20 (1234 + 336; 26 + 653 + 17) 9.2 | 23.3 | 332 + 91!) 373 + 43) Normal 
9X 10-2? mM NaF...| 45.6 + 2.2, 56.2 + 3 6 459 + 37 | 506 + 71 | 26 + 636 + 11 17.7 | 14.1 | 154 + 21| 164 + 36) Minimal 
<0.001 | | <0.001 | <0.05 | <0.3 | 0.1 <0.01 

<0.05 | <0.5 <0.5 | <08 
| Experiments...... 6 5 5 4 4 6 


 * The results are expressed on the same basis as in Table IV. 


| TaBLeE VI 


; Influence of KCN on respiration and glucose utilization during phagocytosis* 
; Activity in CO: | 
Qo, (P) Lactate Phagocytosis 
C-1 C-6 C-1:C-6 | 
f ul. c.p.m. c.p.m c.p.m | c.p.m. | us ug 
j ER Sere 16.6 + 1.9, 45.9 + 3.7; 255 + 29 1756 + 206 34 + 6 ‘128 +19 7.5) 13.7 302 302 Normal 
1X 10°? mM KCN 5.1 + 1.9 22.5 + 4.0, 297 + 53 (1453 + 95 19245 2628 15.7. 55.9 339 343 Normal 
<0.01 <0.01 0.5 0.2 >0.05 | <0.001 
Experiments....... 6 | 6 6 6 6 =a | 6 6 l 1 6 
1 | 
3 * All results are expressed on the same basis as Table IV. 
TaB_e VII 
4 Influence of antimycin A on respiration and glucose utilization during phagocytosis* 
- | Activity in 
| Lactate Phagocytosis 
| C-1 C-6 C-1:C-6 
| pl. pl. c.p.m. c.p.m. c.p.m. | c.p.m. | | meg. 
18.0 + 2.4 51 + 14 | 173 + 49 [1254 + 436'26 + 1332 + 14) 6.7 39.2 331 + 6.4) 399 36, Normal 
y 88 ug./ml. anti- | | | | | 
. mycin A........ 10.3+1.444.8 +1 ts 217 + 66 (1394 + 38619 + 1027 +7 / 11.4 51.6 516 + 33 530 + 28° Normal 
re <0.05 <0.01 >0.1 | | >0.1 
€ | Experiments...... 3 | 3 | 3 3 en cet, es Oe. 3 3 3 


* All results are expressed on the safne basis as Table IV. 
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TABLE VIII 


Influence of dinitrophenol on respiration and glucose utilization during phagocytosis* 


| Activity in CO2 
Qo, (P) | Lactate Phagocytosis 
C-1 C-6 C-1:C-6 
| pl. pl. c.p.m. c.p.m. C.p.m. | c.p.m. | | ue. ME. 
Normal........... 18.6 + 1.0 43.8 + 4.7 159 + 21830 + 124 13 + 431 + 10) 12.2 26.7 392 + 45 374 + 27) Normal 
1X 10-4 mdinitro- | | 
+ 2.4) 55.5 8.4 241 + 24898 + 103,59 + 761 +8) 3.9 14.8 43649 400 + 45, Normal 
<0.001 >0.1 <0.05 | >0.5 | <0.01| <0.1 | >0.5 
| <0.05 <0.01 >0.1 | | >0.4 


* All results are expressed on the same basis as Table IV. 


result was that the C-1:C-6 ratios during phagocytosis in the 
presence ef these inhibitors achieved levels of between 50 and 56. 

When the effect of 2,4-dinitrophenol was studied, the results 
were of great interest. This substance caused a considerable 
(2-fold) increase in the resting level of oxygen uptake. Phago- 
cytosis was unaffected, and the increment in oxygen uptake which 
accompanies the phenomenon was noted’ over and above the 
oxygen uptake already stimulated by dinitrophenol. This sub- 
stance stimulated appearance of both glucose carbons 1 and 6 as 
CO, in resting cells. Only the conversion of glucose carbon 1 to 
CO, was further increased by the phagocytic event. 


DISCUSSION 


Serum Factors and Nature of Particle—The factors involved in 
phagocytosis have been studied for many years, and numerous 
claims have been made concerning substances promoting or in- 
hibiting the process (27-28). These studies have been greatly 
impeded by the lack of rapid sensitive methods for evaluating the 
degree of phagocytosis in an accurate way. Most studies have 
depended on direct count of particles ingested (29), a process 
both tedious and only approximate. The inadequacy of such 
methods is brought out in the paper of Smith and Wood (30). 
Thus, the counting data of Table I can be accepted as roughly 
indicative and do not present an adequate reflection of the great 
differences in appearance between cell suspensions which have 
phagocytized normally and those which have been inhibited. 
A gross excess of particles has always been used in these experi- 
ments to obtain maximal metabolic responses. The upper end of 
the scale in direct counting methods is thus obscured due to the 
extreme difficulty of determining the numbers of engulfed par- 
ticles when the cells are very heavily loaded. It is believed that 
methods of assessing phagocytosis based on metabolic changes in 
the phagocytes, such as increased oxygen uptake, during the proc- 
ess of engulfment might provide suitable techniques for precise 
studies. Increased oxygen uptake during phagocytic activity 
has now been demonstrated with two types of inert particle (in- 
soluble starch and polystyrene) and with at least five different 
bacteria [Mycobacterium tuberculosis R, Ry (6, 7); Bacillus sub- 
tilis (7); Micrococcus pyogenes var. aureus (5); Sarcina lutea (3); 
and Diplococcus pneumoniae (4)|. It has also been demonstrated 
with three types of phagocytic cells, polymorphonuclear leuko- 
cytes, monocytes (7), and mouse ascites tumor cells.3 


§ Unpublished experiments with Dr. D. Wallach of this institu- 
tion. 


The nature of the surface of the particles offered to the cells 
has long been considered to be of primary importance (31). That 
the nature of the particle surface might also determine the nature 
of serum factors necessary for engulfment might be illustrated by 
the following points. It was shown in early experiments (Fig. 
3) that the presence of serum was essential for satisfactory up- 
take of starch particles by leukocytes. As has been mentioned, 
the serum could be replaced by a fraction of human plasma (15). 
Later, it was found that in the case of polystyrene particles no 
serum or phagocytosis-promoting factor appeared to be neces- 
sary for phagocytosis. This situation might stem from the dif- 
ference between the hydrophilic nature of the surface of starch 
particles and the lipophilic nature of the surface of polystyrene 
particles, and might be construed as giving support to some of the 
views expressed by Fenn (9) and Ponder (10) in which the sur- 
face forces involved are considered to be of prime importance in 
permitting phagocytosis. The formulation of the above authors, 
however, postulates that no special expenditure of energy on the 
part of the cell is necessary to accomplish the engulfment of 
particles. As is seen under “Results” considerable metabolic 
changes have consistently accompanied phagocytosis in the pres- 
ent work. Although the possibility has not yet been excluded 
that these changes may be sequelae of particle ingestion, it is our 
view that the evidence presented here is in accord with the postu- 
late that the cell does perform work requiring metabolic energy 
during the accumulation of particles. This is further discussed 
below. 

Metabolic Changes During Phagocytosis—The metabolic pat- 
terns of the polymorphonuclear leukocytes obtained from the 
peritoneal cavity of the guinea pig and used in this study, are 
not dissimilar to the patterns exhibited by mixtures of human 
white cells. For example, Beck (32) has shown that leukocytes 
obtained from human blood show a very high aerobic glycolysis, 
and that about 20 times more glucose carbon is metabolized to 
lactate than is converted to COz. Calculations for resting guinea 
pig leukocytes based on results of Table IT and measurements of 
the conversion of uniformly labeled glucose-C™ to COs, indicate 
that under aerobic conditions 12 times more glucose carbon ap- 
pears as lactate than as COs. In experiments lasting for 1 hour 
in which phagocytosis occurred under aerobic conditions only 
twice as much glucose carbon appears as lactate compared with 
CO.. The assumption has been made that all the lactate formed 
comes from glucose (32). Computations carried out according 
to Beck (33) based on lactate production and on the appearance 
as CO, of the C™ from glucose-1-C™, glucose-6-C™, and uniformly 
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labeled glucose-C™“, would further indicate that in resting cells 
(polymorphonuclear leukocytes) only 3 to 6 per cent of the amount 
of glucose converted to lactate is metabolized by the direct 
oxidative pathway. In experiments of 1 hour duration, where 
phagocytosis was proceeding this figure rose to 20 to 40 per cent 
depending on whether the conversion of glucose-1-C™ or uni- 
formly labeled glucose-C™ to COs. was used in the calculation. 
The validity of such calculations is open to some question, since 
account is taken only of CO, which is trapped in the center well 
and CQ, fixation is ignored (8). 

The observations of an increment in oxygen uptake during 
phagocytosis provided the original indication that the cells ex- 
pend metabolic energy in accumulating particles. The data ob- 
tained under anaerobic conditions, and under aerobic conditions 


_in the presence of dinitrophenol indicate, however, that oxidative 


phosphorylation is not essential for maintenance of phagocytic 
activity in these cells, and the data with KCN and antimycin A 
show clearly that most of the oxygen uptake, especially during 
phagocytosis, is not cytochrome linked. The major part of the 
increment in oxygen consumption and the simultaneous great 
increase in the appearance of glucose carbon 1 as CO: would thus 
appear to be only concomitants of particle intake and perhaps 
not of prime importance in the process. It is, however, note- 
worthy that under aerobic conditions no situation has so far been 
uncovered in which phagocytosis occurs without these changes 
in metabolism. These data are of interest when considered in 
the light of the observations of Kaplan et al. (34) concerning 
TPNH oxidation which was accompanied by little or no oxida- 
tive phosphorylation. The question of the mechanism for re- 
oxidation of TPNH in polymorphonuclear leukocytes, especially 
during phagocytosis, and the possible role of transhydrogenase, 
remains to be explored. 

It might appear from the present data that glycolysis provides 
the initial energy for the phagocytic act in polymorphonuclear 
leukocytes, although the alternative possibility cannot be over- 
looked that it might furnish some substance needed for success- 
ful phagocytosis. In support of the conclusion concerning the 
essentiality of glycolysis the work of Fisher and Ginsberg (35; 
cf. 36) may be cited. These authors, with the use of guinea pig 
leukocyte suspensions similar to those employed here, and heat- 
killed veast cells as particles, have shown that virus infection in- 
terferes with phagocytosis. Further, they have shown that this 
infection also interferes with lactate production by the leuko- 
cytes. 

A point of interest concerns reutilization of lactate by leuko- 
cytes, mentioned by Beck (32). It may be noted that in short 
term experiments (30 minutes) anaerobically or aerobically, 
phagocytosis causes a definite increase in lactate production (Ta- 
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(Tables III through VIII) no excess production of lactate was 
noted due to phagocytosis (right hand columns of Tables III 
through VIII). It would appear that a situation similar to an 
oxygen debt in muscle pertains. Under the dramatic demand 
for an immediate energy supply, it might be postulated, glycolysis 
proceeds rapidly and lactate accumulates. As phagocytosis is 
completed and the immediate energy demand decreases, glycol- 
ysis is reversed. Presumably oxidative phosphorylation catches 
up due to the operation of the tricarboxylic acid cycle, which 
apparently has a low capacity in these cells. 

The present study represents an attempt to investigate the 
metabolic processes which underlie an easily invoked function of 
a free swimming mammalian cell. The conclusions that have 
been drawn from the experiments described are that active gly- 
colysis is essential for phagocytosis and probably provides the 
immediate energy supply required. Further, the process, if car- 
ried out under aerobic conditions, is accompanied by a dramatic 
increase in oxygen uptake most of which is not cytochrome- 
linked, and by a considerable stimulation of the direct oxidative 
pathway for glucose metabolism. The significance of these met- 
abolic changes is as yet not fully understood, and remains under 
investigation. 


SUMMARY 


A study has been made of certain metabolic changes that occur 
in guinea pig polymorphonuclear leukocytes during the ingestion 
of inert particles. These cells can phagocytize several types of 
inert particles under suitable conditions. Polystyrene particles 
are particularly suitable. Phagocytosis occurred equally well 
under anaerobic or aerobic conditions. 

During the uptake of particles under aerobic conditions the 
following metabolic changes were observed: (a) increased lactate 
production; (6) increased oxygen uptake; (c) increased appear- 
ance of C-1 of glucose as CO: relative to C-6 of glucose, ie. 
C-1:C-6 ratio rose from 8.1 for resting cells to 21.6 for phagoevtiz- 
ing cells. In addition, under anaerobic conditions a significant 
increase in glycogen and glucose utilization and lactate produc- 
tion was observed during phagocytosis. 

Interference with glycolysis by iodoacetate and fluoride in- 
hibited phagocytosis. Antimycin A, cyanide, and dinitrophenol 
had no effect on phagocytosis, although the metabolic patterns 
of the cells were considerably altered. 

It has previously been postulated by others that phagocytosis 
is a process not requiring a specific expenditure of metabolic 
energy, but the present experiments indicate that active gly- 
colysis is essential for the occurrence of the process in polymor- 
phonuclear leukocytes, and that increased metabolism is involved 


ble Il). If the aerobic experiments are protracted (1 hour) — in particle uptake. 
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The Metabolism of the Organic Acids of Tobacco Leaves 


XVI. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS OF MALONATE 


HvuBertT BRADFORD VICKERY 


From the Biochemical Laboratory of The Connecticut Agricultural Experiment Station, New Haven, Connecticut 
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In a recently described experiment (1), tobacco leaves were 
cultured in darkness in 0.1 m solutions of potassium malonate ad- 
justed to pH reactions from 4 to 7. A striking accumulation of 
succinic acid occurred, presumably as a result of inhibition of the 
succinic dehydrogenase system, but there was no evidence of in- 
hibition of the respiration of the tissue as measured by the loss of 
organic solids; on the contrary, the loss of solids was greatly pro- 
moted. The utilization of malic acid was appreciably increased, 
but this was coupled with a markedly diminished formation of 
citric acid. Several important questions were left unanswered: 
it remained uncertain whether oxalic acid became involved in the 
metabolism, and also to what extent the acquired malonic acid 
was metabolized. The uncertainty regarding the latter point 
arose from the inadequacy of the technique used for the deter- 
mination of malonie acid. 

This experiment has, accordingly, been repeated, but with a 
0.2 m concentration of malonate in the culture solution so as to 
increase the magnitude of the effects produced. In addition, 
more satisfactory methods have been used for the determination 
of oxalic and malonie acids. Observations were made at inter- 
vals during 48 hours of culture in order to obtain information 
upon any changes that occur in the rates of the reactions of the 
organic acids as the concentration of malonate in the leaf tissues 
gradually increased. 


EXPERIMENTAL 


The 11 samples used were collected at 8:30 a.m. on July 16, 
1957, from 22 plants of Nicotiana tabacum, variety Connecticut 
shade-grown, raised on soil in the greenhouse. The leaves were 
taken from 11 successive nodes, counting from the lowest fully 
expanded leaf, by the statistical technique (2) so that each plant 
and each leaf position was equally represented in each sample. 
The coefficient of variation of the fresh weight of the samples 
was 2.4 per cent, and that of the total nitrogen content 2.1 per 
cent. 

The 0.2 m culture solutions of malonic acid were adjusted with 
potassium hydroxide respectively to pH 5.0 and 6.0, and four 
samples were cultured with the bases of the leaves immersed in 
each of these, single samples being removed from each solution 
after 6, 12, 24, and 48 hours. In addition, a sample was cultured 
in water and another in 0.2 M potassium succinate at pH 6.0, 
each for 48 hours, to serve as controls. The treatment was car- 
ried out in a completely dark room maintained at 24° and 50 
per cent relative humidity. On removal from the culture solu- 
tions, the samples were dried at 80° and equilibrated by exposure 
to the air in the same room until they attained constant weight. 


They were then ground and preserved in tightly closed containers 
which were kept under the same conditions. 

Most of the analytical methods employed have been described 
in previous papers (3, 4). Oxalic acid was determined as briefly 
described by Vickery and Levy (5). Malonic acid was deter- 
mined by taking advantage of the fact that it is eluted together 
with citric and phosphoric acids from the Dowex 1 analytical 
column. After evaporation of the formic acid eluant and titra- 
tion, the fractions which contained this mixture were pooled, and 
both citric and phosphoric acids were determined by specific 
methods. Inasmuch as the separate fractions had been titrated 
to phenolphthalein, two-thirds of the phosphoric acid in the mix- 
ture was added to the quantity of citric acid found (6), and the 
sum was deducted from the total acidity of the group of frac- 
tions; the difference was taken as the measure of the malonie acid 
present. In the fresh leaf and water control samples, the differ- 
ence so found amounted to a little more than 1 m.eq. per kg. and 
this quantity was accordingly assumed to furnish a fair estimate 
of the trace amounts of malonic and isocitric acids! present ini- 
tially in the experimental samples. 

The control samples cultured in water and in succinate in- 
creased slightly in fresh weight during the culture period, but the 
samples cultured in malonate all lost weight owing to wilting of 
some of the leaves (Table I, Line 1). Older leaves from posi- 
tions low on the plant seemed to be the most severely affected. 
However, the midribs retained their turgidity, and in no case was 
wilting severe; there was no evidence of other physiological dam- 
age. 

The effects upon the organic and inorganic solids of the sam- 
ples, and on the pH of water extracts of them, are shown in Lines 
2 to 6 of Table I, and the uptake of potassium is given in Line 7. 
The uptake of organic acid was calculated both from the increase 
in the alkalinity of the ash and from the increase of potassium on 
the assumption that malonic acid is 58 per cent neutralized at 
pH 5.0 and 83.6 per cent at pH 6.0. The means of the values so 
obtained, most of which agreed closely, are shown in Line 8. The 
uptake of succinic acid was calculated similarly on the assump- 
tion that it is 86 per cent neutralized at pH 6.0. 

Lines 9 to 16 show the effects of the treatment upon the organic 
acids of the samples. The utilization of malic acid (Line 10) was 
greatly increased in the samples that acquired malonate as com- 


1 A careful examination by the isocitric dehydrogenase method 
of the pooled citrie acid fractions obtained from the succinate 
control and from the two samples cultured for 48 hours in malonate 
showed that the amount of isocitrie acid present was of the order 
of 0.5 m.eq. per kg. in each. 
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TABLE 
Effects of culture in 0.2 m solutions of potassium malonate upon composition of excised tobacco leaves 
The data represent gm. or m.eq. per kg. of initial fresh weight of tissue. 


Changes during culture in darkness 
Potassium 
Line Component oe Water geo ag Potassium malonate, 0.2 M, pH 5.0 Potassium malonate, 0.2 M, pH 6.0 
pH 6.0 
48 hrs 48 hrs. 6 hrs. 12 hrs. 24 hrs 48 hrs. 6 hrs. 12 hrs. 24hrs. 48 hrs. 
1 A fresh weight, 0 +8 +5 —4 —7 —6 —10 4 —6 —4 —8 
2 Ash, gm. 17.6 +0.2 | 42.9) +4.7| 48.4) +5.5| 48.5); +4+11.8 
3 Organic solids, gm. 88.5 —6.6/ +1.0; +0.5; +0.8; -—1.4 —3.7 —3.9| -—3.3 | —2.5 —7.0 
4 Organic solids cor- 95.0 —6.7 | +5.1 +1.2; +1.4; +0.2| -1.2| -—3.4 —2.0, —0.0 —3.3 
rected, gm.* 
5 Alkalinity of ash, 297 —7.1 |+186 +31.5 | +30.7 | +72.6 |+115 +24.3  +457.6 |4+113 +168 
m.eq. 
6 pH of extract of dry 5.16 +0.1 +0.2; +0.1 +0.1 +0.2; +0.3 +0.2; +0.3 +0.4 +0.5 
tissue 
7 Potassium, m.eq. 165 —8.0 +195 +36.5 | +42.4 | +75.1 |4+121 +37.8 | +60.0 |+121 +184 
8 Uptake of acid, m.eq. 221 58.5 62.9 | 127 203 37.2 70.5 | 140 210 
Total nonvolatile 201 —5 |+189 +46 +57 (|+100 {+151 +41 +71 /|+126 +190 
acids (except ox- 
alice acid) m.eq. 
10 Malice acid, m.eq. 166 —3l +100 —19 — 36 — 59 —90 —19 —28 — 55 — 100 
11 Citric acid, m.eq. 15.1 +23.9 | +43.0 -—0O.1} -—2.1 | 41.1) -2.8; -1.2] 4+6.6| +424.5 
12 Oxalie acid, m.eq. 12 +3 0 0 +2 —2 0 0 —3 —1 —2 
13 Succinie acid, m.eq. Trace Trace | +32 +14 +22 +38 +45 +18 +31 +-56 +7 
14 Malonic acid, m.eq. 0.9 +0.5 |(+11) +49 +73 {+117 {+185 +45 +68 /|+116 +183 
15 Minor acids, m.eq. 10 +3 +8 +2 +0.4 +3 +2 +1 +1 +2 +5 
16 Phosphoric acid in 12.0 —1.1 +1.5; +0.5;) +0.3 +0.8 —0.3 —1.3 —0.0 | +0.3 +0.1 
citric acid eluate, | 
m.eq. 
17 Starch, gm. 2.6 | | —1.3| —30| -22) 


* Corrected by the addition of the carbon dioxide of the ash, this being in turn calculated from the alkalinity of the ash. 


pared with the control sample cultured in water, the loss after 48 
hours being about 3 times as great. No significant change in the 
amount of citric acid present occurred for 24 hours in the leaves 
cultured at pH 5, and only a minor increase had occurred at the 
24-hour point in the leaves cultured at pH 6. However, in the 
second 24 hours of the culture period, there was a small increase 
of citric acid in the leaves cultured at pH 5, and, in those treated 
at pH 6, citric acid increased to the same extent as it had in 48 
hours in the water control sample. Oxalic acid (Line 12) was 
not affected significantly during culture in any of the solutions, 
and the uncertainty on this point mentioned in the previous pa- 
per (1) is thus resolved. 

The behavior of succinic acid (Line 13) fully confirms the pre- 
vious observations. This acid was formed more rapidly and 
more extensively in the leaves cultured at pH 6 than in those 
cultured at pH 5, although the uptake of malonic acid (Line 8) 
was not greatly different, and the amounts of malonic acid that 
accumulated under both conditions (Line 14) were almost identi- 
eal. A similar effect of the pH of the culture solution upon the 
accumulation of succinic acid was not clearly apparent in the data 
of the previous experiment. As before, however, approximately 
three-quarters of the amount of succinic acid that was present 
after 48 hours had already been formed at the 24-hour point. 
Nevertheless, a plot of the data for the experiment at pH 6 shows 
that the concentration of succinic acid was still rising steeply at 


48 hours, although, in the leaves at pH 5, the plot suggests that 
at this time the concentration of succinic acid was approaching a 
maximum. 

The data for malonic acid (Line 14) show no significant dif- 
ference in the rates at which this acid accumulated in the tissues 
under the two conditions of culture. Furthermore, the process 
of accumulation was still proceeding rapidly at the termination 
of the experiment, an indication that no damage to the mecha- 
nisms involved in the uptake of acid ions had occurred. 

The method used to estimate malonic acid indicated an in- 
crease of 11 m.eq. of this acid in the control sample cultured in 
succinate. The identity of the substance concerned is uncertain 
and the figure in Table I is therefore enclosed in parentheses. 
As a rule, all but a small part of the titratable acidity of the frac- 
tions from the analytical column in which citric acid is found can 
be accounted for by the sum of the citric acid and two-thirds of 
the phosphoric acid present in them. For example, when this 
calculation was applied to the data of a recent experiment (5), a 
series of small positive and negative numbers was obtained. 
However, the data for the succinate control cultured at pH 7 in 
that experiment gave a positive value of 15 m.eq. per kg. It 
thus appears that when tobacco leaves are cultured in succinate 
at a reaction near neutrality, a small amount of a component is 
produced which behaves like malonic acid when the extract is 
chromatographed on Dowex 1-formate. It is not isocitrie acid,}! 
and positive identification remains for future investigation. 
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TABLE II 
Effects upon metabolism of organic acids of culture of tobacco leaves in 0.2 m malonate 


The data are expressed in terms of 1 kg. of initial fresh weight of leaves. 


Changes during culture in darkness 
Potassium 
Line Water ro Potassium malonate, 0.2 m, pH 5.0 Potassium malonate, 0.2 m, pH 6.0 
pH 6.0 
48 hrs. 48 hrs. 6 hrs. 12 hrs. 24 hrs. 48 hrs. | 6hrs. 12 hrs. 24 hrs. 48 hrs. 
1 Respiration loss, gm. 6.7 7.9 1.8 2.5 6.4 11.8 5.3 5.7 7.3 14.2 
2 Maloniec acid metabolized, +9 —10 +10 +18 —7 +3 +25 +27 
m.eq. 
3 Malonic acid metabolized, 0 8 8.7 0 4 17 13 
uptake 
4 Final molar concentration of 0.03 0.04 0.07 0.12 0.0 0.04 0.07 0.11 
malonie acid 
5 Loss of organic acids, m.eq. 32 6 27 52 — —0.5 14 20 
6 Malic acid available for acid 31 14 21 45 1 —3 —1 22 
other than succinic, m.eq. | 
7 Line 6 minus Line 5, 7.e. malic —8 +S —6 —7 | +5 —2.3 | —15 +1 
‘ acid excess | | 
Ss Sum of malic and malonic 31 31 63 | | 24 49 
acids available for conver- | | 
sion to citric acid, m.eq. | 
9 Sum corrected for decarbox- 31 4 ) ae | 10 28 
ylation, m.eq. | | | 
10 Molar ratio of corrected sum 1.96 1.94 | 2.1 | | 2.3 1.7 
to A citric acid | | | 


The minor acids? (Line 15) comprise a group of substances each 
present in small amounts all of which are eluted by formic acid 
from Dowex 1 in advance of succinic acid. These showed only 
minimal evidence of increase as a result of culture of the leaves 
in malonate. There was, however, a small increase in one or 
more of these substances in the control sample cultured in suc- 
cinate. The data in Line 16 for the phosphoric acid which was 
eluted together with citric acid are constant within the limits of 
accuracy of the analytical methods. Determinations of phos- 
phoric acid in water extracts of the samples were also made, and 
it was found that on the average 91 per cent of the soluble phos- 
phoric acid of the tissues was present in the citric acid eluates. 
The data in Line 17 show that the small reserve of starch was 
rapidly and almost completely utilized during the culture period. 

Table II contains data derived from the analytical results in 
Table 1. The loss of organic solids by respiration in Line 1 is 
calculated from the corrected organic solids after further correc- 
tion for the uptake of organic acid ion, and, despite a minor ir- 
regularity because of the improbably high value for the loss after 
§ hours of culture at pH 6, the data show that the complete oxi- 
dation of organic material proceeded at a relatively uniform rate 
throughout the experimental period. There is no evidence for 
an inhibitory effect that can be attributed to the advent of malo- 
nate even at the highest concentration attained. 

Line 2 shows the difference between the respective uptakes of 
acid (Table I, Line 8) and the malonie acid found (Table I, Line 
14). The analytical uncertainties are such that the small posi- 
tive and negative quantities at 6 and at 12 hours of culture are 
probably unreliable, but it seems extremely likely that a quan- 


>The known components of this mixture have been listed by 
Vickery and Levy (5). 


tity of the order of 10 per cent (Line 3) of the malonic acid ac- 
quired by the leaves had disappeared as such at the end of 48 
hours of culture. If, as has been unequivocally demonstrated 
by Bellin and Smeby (7), malonic acid is a normal component of 
the tobacco leaf, being present to the extent of approximately 9 
m.eq. per kg. in the cigarette types examined by them, the ob- 
servation of the utilization of a moderate quantity of this acid by 
the enzyme systems of the leaf is not surprising when the con- 
centration present is artificially increased as in the present experi- 
ments. 

The molar concentration of malonate present at the termina- 
tion of each culture period is shown in Line 4, uniform distribu- 
tion in the water contained in the samples at the time of removal 
being assumed. 

Line 5 shows the difference between the uptake of acid from 
the culture solutions and the corresponding increase in total non- 
volatile organic acids (Table I, Line 9). This difference pre- 
sumably represents the effect of decarboxylation reactions, al- 
though the possibility that some of the loss is attributable to the 
formation of an amino acid or of a volatile acid such as acetic 
acid is not excluded. The formation of acetic acid would remain 
undetected, for only nonvolatile acids are determined by the an- 
alytical procedure used (4). The data for the observations at 24 
and 48 hours are of sufficient magnitude and reliability to indi- 
cate that, as in the previous experiment (1), decarboxylation re- 
actions are promoted in the tissues of leaves cultured in solutions 
at a pH below that of an extract of the untreated leaves. This 
behavior has been observed repeatedly, and has been discussed 
in an earlier paper in connection with experiments on the metab- 
olism of malice acid (8). 

Lines 6 and 7 present an enquiry into the fate of the malic acid 
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which disappeared during the culture period. If it is assumed 
that a mole for mole conversion of malic acid into succinic acid 
occurred, and that further metabolism of the succinic acid was 
more or less completely inhibited in the presence of malonate, 
Line 6 shows the quantities of malic acid that would remain avail- 
able for other reactions. The figures are the differences between 
the data in Lines 10 and 13 of Table I. Line 7 shows the excess 
of malic acid which would be available for metabolism on the as- 
sumption that the decarboxylation reactions (Line 5) affected 
malic acid alone. The predominance of negative quantities sug- 
gests that this assumption is an oversimplification and, further- 
more, fails to account for the source of the citric acid that ac- 
cumulated in significant amounts in the sample cultured for 48 
hours at pH 5 and in those cultured for 24 and for 48 hours at 
pH 6 (Table I, Line 11). 

If it is assumed that malonic acid entered into the metabolism 
(Line 2) in such a way as to contribute to the formation of citric 
acid, the data in Line 8 show the combined quantities of malic 
and malonic acids that would be available. In Line 9, a correc- 
tion is applied for the presumed decarboxylation reactions’ in 
Line 5. Line 10 then shows the molar ratio of these amounts of 
available acid to the quantities of citric acid which were formed 
towards the end of the culture period. The figure 1.96 for the 
water control sample, in which only malic acid was concerned, is 
in agreement with numerous previous observations (e.g. (5, 9)) 
which have shown that approximately 2 moles of malic acid are 
utilized during the formation of 1 mole of citric acid in tobacco 
leaves cultured in water under the present experimental condi- 
tions. The ratios found in the three experiments with malonic 
acid in which sufficient citric acid was formed to be measured 
with reasonable accuracy are of a similar magnitude and agree 
with each other as closely as could be expected. 

The ratio 1.94 shown in Line 10 for the succinate control experi- 
ment represents the ratio of the amount of succinic acid that was 
presumably converted to citric acid to the observed increase of 
citric acid. Malic acid increased in this sample; accordingly the 
sum of the malic acid formed and of the residual unchanged suc- 
cinic acid found after 48 hours was deducted from the uptake to 
give the amount available for other reactions. This quantity was 
further corrected for the decarboxylation reactions (Line 5) to 
obtain the amount available for conversion to citric acid. The 
magnitude of the ratio is similar to that found in a number of 
previous experiments (9). 


DISCUSSION 


That many organisms contain enzyme systems by means of 
which malonic acid is decarboxylated and subsequently oxidized 
has become clear from a number of recent investigations. As an 
instance of their occurrence in a higher plant, Giovanelli and 
Stumpf (10) have shown that a preparation of particles obtained 
from the cotyledons of the peanut plant readily decarboxylates 
malonate-1 ,3-C™, and that radioactive carbon can be demon- 
strated in several organic acids, including citric acid, after the 
system had been allowed to react with malonate-2-C™, Coen- 
zyme A and adenosine triphosphate are essential components of 
the system. Young and Shannon (11) also have briefly reported 
similar observations with particles obtained from bush bean 
leaves. However, the most circumstantial accounts of these 


3 Any acetic acid which arose from malonie acid and was lost 
by volatilization during the determination of the nonvolatile 
organic acids would be included in this correction. 
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phenomena are those of Hayaishi (12, 13), and of Wolfe et al. 
(14) who studied the enzymatic decomposition of malonic acid 
by various preparations obtained from Pseudomonas fluorescens. 
These papers also contain references to previous observations of 
the presence of analogous systems in various animal tissues and in 
a few other microorganisms. 

The mechanism that has been suggested by Wolfe and Ritten- 
berg (15) and also by Hayaishi (13, 16) to account for the de- 
carboxylation of malonic acid involves the formation of malony] 
coenzyme A which is then decarboxylated, the presence of mag- 
nesium ion being essential for this step. The acetyl coenzyme A 
produced may react in any of several ways; an exchange with 
malonic acid may liberate acetic acid, interaction with malonyl 
coenzyme A may give malonyl dicoenzyme A and acetic acid, and, 
presumably, condensation with oxaloacetic acid may give rise to 
citric acid. Other possibilities doubtless also exist. More re- 
cent investigations by Nakada et al. (17) of the enzyme systems in 
rat liver and kidney tissue by means of which malonic acid is me- 
tabolized have suggested that the mechanisms involved are closely 
similar to those of the Pseudomonas species. To what extent 
these observations can be applied to account for the behavior of 
malonic acid when administered to the tobacco leaf remains prob- 
lematical; attention is drawn to them mainly because it would 
appear that citric acid is an important product of the reactions 
that occur in the leaf only after the concentration of malonate 
had risen to a high level. 

In view of the experiments of Zbinovsky and Burris (18), it is 
quite possible that acetic acid may be the metabolite of malonic 
acid which takes part in the formation of citric acid. These in- 
vestigators infiltrated acetic acid-1-C™ into a tobacco leaf and 
found, after the leaf had remained several hours in darkness, that 
it contained citric acid of specific activity slightly higher than 
that of the acetic acid remaining unchanged in the leaf. Malic 
acid was also highly labeled. Furthermore, Krotkov and Barker 
(19), have demonstrated that acetic acid-1-C" is slowly although 
only partially oxidized to carbon dioxide in the tobacco leaf. 
Nevertheless, in an experiment in which samples of tobacco leaves 
were cultured in 0.2 M acetate at pH 6.8 under conditions similar 
to those used in the present study, Vickery and Abrahams (20), 
found that the increase of citric acid was smaller than that in the 
water control, and could be quantitatively accounted for by the 
decrease in malic acid. It would appear that, although acetic 
acid may be metabolized in this tissue, the reactions are sluggish; 
furthermore, some physiological damage was done to the tissue 
during culture in acetate since the loss of fresh weight in the 48- 
hour period attained the extreme value of 43 per cent. 

The present analytical evidence suggests that malonic acid 
was metabolized to a demonstrable extent in the tobacco leaf 
only after it had attained a concentration approaching that of 
malic acid in this tissue. Meanwhile, two striking alterations of 
the normal course of the enzymatic reactions were observed: 
malic acid was rapidly and extensively converted into succinic 
acid, and for many hours no significant accumulation of citric 
acid occurred. If the sequence of reactions in which these acids 


are involved in the tobacco leaf is analogous to that of the tri- 
earboxylic acid cycle, competitive inhibition of the succinic de- 
hydrogenase system, the classical effect of malonate, would ade- 
quately account for the abnormal concentration of succinic acid 
found. But this conclusion in turn involves the assumption that 
any malic acid which underwent this transformation traversed 
Neverthe- 


the evele and so passed through the citric acid stage. 


} 
| t 
] 
j 

a 
d 
i 
n 
( 
Ot 
p 
tl 
0 
in 
gc 
m 
st 
al 
sa 
in 
is 
ex 
SO 
er: 
i & 
' ac 
] 
| 2. 
4. 


June 1959 


less, during the greater part of the culture period at pH 5, none 
of it remained as such, and significant amounts of citric acid ac- 
cumulated in the leaves cultured at pH 6 only in the second 24 
hours of the treatment. 

The extent to which malic acid is drawn upon to support the 
organic acid metabolism of tobacco leaves cultured in water in 
darkness differs somewhat widely from one set of samples to an- 
other, but the average amount so used in nine previously exam- 
ined sets was 43 m.eq. per kg. of initial fresh weight in 48 hours; 
the loss of 31 m.eq. (Table I, Line 10) from the water control 
sample of the present set was thus fairly typical. Of the salts 
of organic acids the effects of which have been studied in this 
laboratory, only malonate over the entire range of pH from 4 to 
7, glycolate at pH 3 and 4, and (+)-tartrate at pH 3 and 4 have 
been found to stimulate the loss of malic acid notably. Culture 
in succinate, citrate, and L-malate leads to an increase in malic 
acid, while culture in fumarate, maleate, glycolate at pH 5 and 
6, L,-isocitrate, and acetate diminishes the loss of malic acid. 
Bicarbonate, oxalate, and tartrate at pH 5 and 6 exert little or 
no effect. Malonate therefore occupies an unusual if not unique 
position with respect to its influence upon the metabolism of malic 
acid in the tobacco leaf. 

Citric acid increases in tobacco leaves cultured in water in 
darkness at the expense of malic acid and, although there is also 
considerable variation from set to set of samples, the mean value 
from the same nine experiments mentioned was close to 29 m.eq. 
per kg. The accumulation of citric acid is notably less than that 
in the water control sample only when the leaves are cultured in 
malonate at pH 4 to 6 (1), in maleate at pH 5 and 6 (3), and in 
(+)-tartrate at pH 3 and 4. Culture in solutions of most of the 
other organic acid salts that have been examined stimulates the 
production of citric acid. The problem presented by the obser- 
vations on the effect of malonate is thus to reconcile a stimulated 
utilization of malic acid with a repressed formation of citric acid. 

The demand for the energy required to transport the ions of 
the salt in the culture solution across cell membranes from the 
vascular system of the leaf is met by an increased oxidation of 
organic solids (Table II, Line 1). If any substantial part of the 
increased metabolism is supported by enzymatic processes analo- 
gous to those of the tricarboxylic acid cycle, certain requirements 
must be met; thus, if succinic acid arises from malic acid via the 
cycle, the rate of the step immediately after citric acid must be 
stimulated; otherwise citric acid would accumulate as it invari- 
ably does in leaves cultured in water, and also in solutions of the 
salts of most of the simple organic acids, and as it ultimately did 
in the leaves cultured in malonate at pH 6. This accumulation 
is an expression of the fact that citric acid is produced at a rate 
exceeding that at which it is utilized. 

On the other hand, if succinic acid arises from malic acid by 
some process other than that involved in a nearly complete trav- 
erse of the cycle, that is, if citric acid is not an intermediate in 
the sequence of reactions, the data in Table II may be quite 
simply explained. At pH 5, that part of the metabolized malic 
acid which was not utilized for the production of succinic acid 
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(Table II, Line 6) was, for the most part, decarboxylated, pre- 
sumably by the mechanisms provided to protect the cells against 
the advent of a solution more acid than the pH of the cell con- 
tents. Such a behavior is conspicuous when, tobacco leaves are 
cultured in 0.2 m t-malate at pH 4 and 5 (8), and is also seen in 
leaves cultured in glycolate and tartrate at low pH. Only after 
the concentration of malonate in the tissues had reached approxi- 
mately 0.1 M was a small proportion of this substance attacked 
with the result that a minimal supply of suitable intermediates 
became available for the synthesis of citric acid. 

At pH 6, decarboxylation reactions were minimized with the 
result that, in the second 24-hour period of culture, some malic 
acid became available for conversion to citric acid. This, to- 
gether with a small proportion of the malonic acid present, was 
sufficient to permit the synthesis of citric acid to about the same 
extent as in the water control. 

This account of the behavior of the organic acids has, at least, 
the merit of not requiring the assumption of the stimulation of an 
enzymatic reaction by malonate. 

The present observations provide a second instance in which 
interpretation of the behavior of the organic acids of tobacco 
leaves in terms of the normal tricarboxylic acid cycle presents 
difficulties. As was pointed out in a recent paper (9), fumarie 
acid supplied to tobacco leaves at pH 5 and 6 behaves quite dif- 
ferently from the fumaric acid which, on the assumption of me- 
tabolism via the cycle, must have been temporarily or potentially 
present during the metabolism of succinic acid administered to 
an identical sample of leaves. In view of the present results, it 
is again necessary to emphasize that a general theory of the me- 
tabolism of the organic acids of tobacco leaves is still to be sought. 


SUMMARY 


Excised tobacco leaves cultured in darkness in 0.2 m solutions 
of potassium malonate at pH 5 and 6 accumulated maloniec acid 
in 48 hours to a final concentration that exceeded 0.1 m. Under 
these conditions, the extent to which malice acid was metabolized 
was about 3 times that observed in control leaves cultured in 
water. Succinic acid was a major product, but for the first 24 
hours citric acid remained unchanged in quantity in the leaves 
cultured at pH 5 and increased only slightly in those at pH 6. 
During the second 24 hours, there was a small increase of citric 
acid in the leaves cultured at pH 5, and in those cultured at pH 
6 it increased to about the same extent as in the control leaves. 
A small part of the acquired malonic acid became involved in the 
metabolic processes towards the end of the culture period and 
probably contributed to the formation of citric acid. These re- 
sults do not conform well with the requirements of a general met- 
abolic scheme analogous to the tricarboxylic acid cycle. 
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The studies reported here are concerned with the biosynthesis 
of ribose and deoxyribose in Escherichia coli R-2. When these 
studies were undertaken the evidence available allowed no 
general conclusions to be drawn as to a common biosynthetic 
pathway for the two pentoses. Since that time numerous studies 
have contributed to a better understanding of the problem. 
Tracer studies on the origin of ribose in glucose-grown E. coli 
by Lanning and Cohen (1) and Bernstein (2) indicate that the 
sugar arises to a large extent from the oxidative decarboxylation 
of 6-phosphogluconate to ribulose 5-phosphate (hexose mono- 
phosphate oxidation).! Sowden et al. (3) and David and Renault 
(4) drew the same conclusion for ribose synthesis in Torula utilis. 
Bernstein (5) compared the C™ distribution in ribose isolated 
from visceral ribonucleic acid with that of liver glycogen in 
chicks fed C4-formate, -acetate, or -glycine. He concluded that 
neither the hexose monophosphate oxidation and decarboxylation 
nor a pathway involving decarboxylation of a uronic acid could 
account for the labeling observed. Horecker and Mehler (6) 
have suggested that the series of reactions catalyzed by the 
enzymes transketolase and transaldolase (TK-TA)? could explain 


— the results reported by Bernstein. 


The origin of deoxyribose has been less certain. Racker (7) 
has reported the formation of deoxyribose 5-phosphate from an 
aldol type condensation of triose phosphate and acetaldehyde 
catalyzed by an enzyme from E. colt. Shreeve and Grossman 
(S) on the basis of tracer studies with glycine-C™, considered 
that the deoxyribose of rat liver was formed by the aldol con- 
densation. Lanning and Cohen (9) concluded that deoxyribose 
of Tyr+ bacteriophage is synthesized by a 3 plus 2 carbon con- 
densation; but they also stated that this was not the sole mech- 
anism in FE. coli growing aerobically. Evidence also has been 
presented for a second pathway which involves the conversion 
of ribose to deoxyribose at the nucleoside or nucleotide level. 
For example, several groups (10-12) have reported that rats 
convert C-labeled pyrimidine nucleosides to deoxyribose com- 
pounds without separation of the base and sugar. Also Amos 


and Magasanik (13) have reported similar results in E. coli 


infected with T, bacteriophage. Recently, Grossman and 
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! The term hexose monophosphate oxidation is used here to de- 


_ scribe the formation of pentose by this oxidative decarboxylation 


~~ 


and excludes any resynthesis of hexose. 

? The designation TK-TA is used here to refer only to the con- 
version of hexose to pentose and not the reverse, according to the 
equation 2} hexose — 3 pentose. 


Hawkins (14) have shown that uridine and cytidine are reduced 
to deoxyuridine and deoxycytidine by extracts of Salmonella 
typhimurium, and subsequently Grossman (15) has shown reduc- 
tion of ribonucleotides. 

The present work shows that in E£. coli R-2 grown on acetate 
as sole carbon source, a non-oxidative pathway is of considerable 
importance in the biosynthesis of ribose from hexose; and that 
ribose is reduced to deoxyribose, or that both sugars are derived 
from a common precursor. 


EXPERIMENTAL 


E. coli R-2 was obtained from Dr. J. Spizizen of the Depart- 
ment of Microbiology, Western Reserve University. Glucose- 
6-C'™ was purchased from the National Bureau of Standards. 
Acetate-1-C'™ was obtained from Volk Radiochemical Company. 
Deoxyribonuclease (Dornase) was a product of Merck, Sharpe 
and Dohme. 

Growth and Harvesting of Cells—E. coli R-2 was grown at 37° 
in a salts medium (16) plus 0.5 per cent sodium acetate as sole 
carbon source. All cultures required vigorous aeration which 
was provided by continuous swirling maintained by a reciprocal 
shaker. The stock culture was maintained on nutrient agar 
slants. In order to adapt the cells to grow well on acetate, the 
culture was transferred from the slant to the acetate-salts medium 
containing 0.05 per cent glucose and was grown for 18 hours. 
A 10 per cent inoculum was then added to fresh acetate-salts 
medium without glucose. The second culture was used to inoe- 
ulate additional acetate-salts medium, and the third culture was 
used to inoculate the medium used in the tracer experiments. 
The optical density of the cultures was measured in a Klett- 
Summerson photoelectric colorimeter with a No. 66 filter. Cells 
were harvested by centrifugation at 2° and were washed twice 
with 1 per cent KCl and twice with distilled water. The cells 
were extracted twice with ethanol-ether (3:1) at 37°, and then 
twice with cold 5 per cent trichloroacetic acid. The trichloro- 
acetic acid extracts were combined and neutralized with NaOH 
to pH 8.5. These extracts contain acid soluble hexose phos- 
phates and some polysaccharide. 


Separation of Cellular Constituents 


Hexose Phosphates—Preliminary experiments indicated that 
the amount of hexose phosphates present in 10 gm. of cells was 
very small, and therefore 0.5 mmole each of glucose-6-P, fructose- 
6-P, and HDP* were added to the neutralized trichloroacetic 
acid extract and the hexose phosphates were separated on a 
column of Dowex 1-chloride as described by Bartlett.‘ 


3 The abbreviation used is: HDP, fructose 1,6-diphosphate. 
4G. R. Bartlett, unpublished procedure. 
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RN A—tThe residue of the trichloroacetic acid extracts was 
suspended in 1 n KOH (1 ml. per 100 mg. of original wet weight 
of cells), and incubated at 37° for 18 hours. The solution was 
chilled and adjusted to pH 1.5 by addition of 1 n HCl. The 
precipitate which formed contained DNA, protein, and poly- 
saccharide and was collected by centrifugation in the cold and 
washed once with water. The supernatant solution and wash 
water, which contained ribonucleotides were combined. The 
ribonucleotides were absorbed on charcoal (Darco G-60) and 
eluted with ammoniacal ethanol as a means of removing salts 
before separation on Dowex 1-chloride according to the procedure 
of Cohn (17). 

DN A—tThe precipitate obtained in the HCl step described 
above was dissolved in water by adjusting the pH to 7.0. Three 
mmoles of sodium acetate and 400 umoles of mixed ribonucleo- 
tides were added, and the material was then reprecipitated with 
acid. The precipitate was redissolved and the whole process 
was then repeated. Finally, the precipitate was redissolved, 
carrier, “‘cold’’ acetate and ribonucleotides were again added 
and then the solution was dialyzed overnight against cold dis- 
tilled water. The solution was made 5 mm in MgClo, adjusted 
to pH 7.2, deoxyribonuclease was added, and the solution was 
incubated at 37° until all the deoxyribose in an aliquot was 
soluble in 5 per cent HCIO,;. Trichloroacetic acid was added to 
a final concentration of 5 per cent and the precipitate containing 
protein and polysaccharide was removed by centrifugation. 
The supernatant solution was extracted with ether, concentrated, 
adjusted to pH 9.0, and treated with phosphodiesterase (18). 
The nucleotides were absorbed on charcoal, eluted with am- 
moniacal ethanol, and separated on columns of Dowex 1-acetate 
(19) by a gradient elution procedure. 

Isolation and Degradation of Cellular Sugars—Purine ribo- 
nucleotides were combined, the ribose determined, and the 
nucleotides diluted with known amounts of nonradioactive 
nucleotides, and then hydrolyzed with 1 Nn H.SO, at 100° for 2 
hours. The solution was deionized with Dowex 50-H*+ and 
Duolite A-4 OH- resins and the residual purine bases were re- 
moved by treatment with charcoal. Nonisotopic guanine and 
adenine were added to dilute any remaining radioactive bases 
and the purines were removed by treatment with charcoal. The 
ribose was purified by chromatography on powdered cellulose, 
with three-fourths saturated aqueous butanol as eluant (20). 
When it was desired to obtain the pyrimidine-bound ribose, the 
following procedure was used: cytidylic acid was converted to 
uridylic acid by deamination with NaNQO>»-acetic acid mixture 
(21). The excess NaNO: was destroyed by addition of HCl and 
urea, and the uridylic acid was purified on a Dowex 1-Cl- column 
and then added to the uridylic acid which had been obtained 
directly from the RNA. Nonradioactive uridylic acid was 
added, the phosphate ester hydrolyzed with prostatic phos- 
phatase (22) and the uridine formed was then treated with uridine 
nucleosidase (23). The solution was deproteinized, the bases 
were removed with charcoal, and ribose was then isolated as 
described above. 

The distribution of C™ in the ribose was determined by fer- 
mentation with Lactobacillus pentosus (24). For the determina- 
tion of isotope distribution in deoxyribose, the purine deoxyribo- 
tides were hydrolyzed to deoxyribose 5-phosphate which was then 
degraded by the method of Wright and Sable (25). 

Polyglucosan was obtained by KOH digestion of a portion of 
whole cells or of the polysaccharide-protein residue remaining 
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after deoxyribonuclease treatment. The polyglucosan was 
precipitated from the KOH digest by addition of ethanol, and 
was then purified by repeated precipitation. Hydrolysis in x 
H.SO, gave the constituent monosaccharide, which was identified 
as glucose. After removal of sulfate ions, carrier glucose was 


added, and the sugar purified further by chromatography on a | 


cellulose column. The distribution of C™ was determined as 
described by Bernstein et al. (26) or Topper and Hastings (27). 
Hexose monophosphates were converted to glucose as follows, 


To the mixed hexose monophosphates obtained from the column | 


were added barium acetate, phosphohexose isomerase, and a seed 
crystal of Ba glucose-6-P. The combination of the enzymatic 
action with constant removal of Ba glucose-6-P by crystallization 
converted most of the hexose monophosphate to glucose-6-P, 
After removal of Ba++ with Dowex 50-H*, the glucose-6-P was 


hydrolyzed with prostatic phosphatase and the glucose purified | 


and degraded as described above. Hexose diphosphate was 
converted to fructose by treatment with the phosphatase. This 
sugar was also purified by chromatography on a cellulose column 
and degraded with Leuconostoc mesenteroides. 

Determination of Radioactivity—Radioactivity was determined 
on BaCO; plates with a windowless gas flow counter to a standard 
counting error of 3 per cent or less. Self-absorption corrections 
to infinite thinness were made. In the case of low activity 
samples (hexose phosphates) the counting“Was performed in a 
gas phase counter (28). 

Quantitative Analysis—Ribose was determined by the method 
of Mejbaum (29) with ribose as standard, and deoxyribose by 
the method of Stumpf (30) with thymidine as a standard. Glu- 
cose was determined by the method of Somogyi (31) or by an 
anthrone method (32). Purines, pyrimidines, and their deriva- 


tives were assayed quantitatively in a Beckman DU spectro- | 
The molar extinction coefficients used were those | 


photometer. 
reported by Beaven et al. (33). 


RESULTS 


Distribution of C™ in Sugars Derived from E. coli Grown on 
Acetate-1-C'*—A typical experiment was carried out as follows. 
To 1500 ml. of salts-acetate medium in a 6-1]. Erlenmeyer flask, 


200 yc. of acetate-1-C' were added. The medium was inoculated | 


with 150 ml. of a 20-hour culture grown in nonisotopic medium, 


and the cells were permitted to grow for 22 hours with shaking. | 
Ribose and deoxyribose were isolated from the culture. The — 
results of two such experiments are summarized in Table I. It — 


is usually considered that the administration of acetate-1-C™ to | 


animals gives rise to glucose-3,4-C™ and on the basis of Bern- 
stein’s results (2) we had expected that the ribose would be 
formed by hexose monophosphate oxidation and be labeled only 
in positions 2 and 3, but the ribose was labeled in positions 1, 2, 


and 3. The possibilities existed that under our experimental — 
conditions the FE. coli had employed another mechanism of © 


pentose synthesis, or that the glucose formed from acetate was 
not labeled exclusively in positions 3 and 4. Therefore, in the 
remaining experiments, the polyglucosan as well as the RNA and 
DNA were isolated from the culture. One of these experiments 
is summarized in Table II. Glucose-3,4-C™ was produced and 
the ribose and deoxyribose were labeled similarly to those from 
the 22-hour culture. 
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TaBLe 


Distribution of C'* in pentoses from 22-hour cultures of 
E. coli grown on acetate-1-C'* 

To 1500 ml. of salts-acetate medium in a 6-l. Erlenmeyer flask, 
0) we. of acetate-1-C'* were added. The medium was inoculated 
with 150 ml. of a 20-hour culture grown in nonisotopic acetate 
medium, and the culture was permitted to grow for 22 hours with 
continuous agitation on a reciprocal shaker. The cells were har- 
vested by centrifugation, ribose and deoxyribose were isolated 
and degraded as described in the text. 


Relative specific activity* 
Carbon No. 
bound Deoxyriboset 
l 23 | 17 24 
2 45 46 47 
3 100 | 100 100 
4 1.3 | 2.5 1.5 
d 1.5 | 3.3 4.0 


— 


*For each sugar the carbon atom with the highest specific ac- 
tivity is arbitrarily assigned a value of 100. 
t Average value from two separate experiments. 


TaB_e II 


Distribution of C'* in sugars synthesized by E. coli from 
acetate-1-C'* in 8-hour growth period 


Two 6-1. Erlenmeyer flasks containing a total of 3 1. of salts- 
acetate medium and 300 we. of acetate-1-C'* were inoculated with 
300 ml. of a 20-hour culture of acetate-grown EF. coli. After 8 
hours of growth the cells were harvested, washed, and lyophi- 
lized. Dried cells obtained from a nonradioactive 20-hour culture 
were added. Half the resulting mixture was used for isolation of 
glveogen and the remainder for isolation of ribose and deoxy- 


ribose. The sugars were degraded as usual. 
Relative specific activity* 
Carbon No. 
Glycoren | Ribose Deoxyribose 

2 3.1 49 47 

3 100 | 100 100 

4 97.5 | 8.7 

5 0 3.4 3.2 

6 0 | 


*PFor each sugar the carbon atom with the highest specific 
activity is arbitrarily assigned a value of 100. 


actions is favored, which leads to 3,4-labeled hexose, while in 
the logarithmic phase, when large quantities of nucleic acids are 


- synthesized different reactions prevail and therefore the polv- 


glucosan does not represent the distribution of isotope in the 
hexoses utilized for pentose synthesis. This hypothesis was 
tested by adding acetate-1-C™ to the medium while the culture 
was in the logarithmic phase of growth and examining the C' 
distribution in the pentoses, glycogen, and hexose phosphate 
pools. Subsequent analysis of an aliquot of the culture showed 
that at the time of addition of the tracer not more than 30 per 
cent of the initial acetate had been utilized. Ribose, deoxy- 
ribose, polyglucosan glucose, and hexose phosphates were iso- 
lated from thisculture. Unfortunately, the level of radioactivity 
found in the hexose phosphates was not sufficiently high for 
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accurate counting. The C distribution in the glucose, ribose, 
and deoxyribose was almost identical with that found in the 8- 
hour culture reported in Table II. The results of this experi- 
ment indicate that the biosynthetic pathways are similar in the 
lag and logarithmic phases of growth. 

Distribution of C% in Sugars Derived from E. coli Grown on 
Acetate in Presence of Tracer Amount of Glucose-6-C'—In all the 
experiments with acetate-1-C™, the C™ distribution in ribose and 
deoxyribose was almost identical, which suggested that both 
pentoses had a common origin or that ribose was reduced to 
deoxyribose. Racker (7) suggested that deoxyribose might be 
synthesized by the condensation of triose phosphate and acetalde- 
hyde. An abbreviated scheme is presented in Fig. 1 to show 
that hexose-6-C™ would give rise to acetaldehyde-2-C™ and triose 
phosphate-3-C™, and that by the condensation of these com- 
pounds deoxyribose-2,5-C™ would be produced. It therefore 
appeared likely that the use of glucose-6-C% would permit a 
better assessment of the contribution of the condensation path- 
way in the biosynthesis of deoxyribose than was possible from 
the data obtained with acetate-1-C“. An experiment was car- 
ried out in which the cells were grown in nonradioactive acetate, 
and when the culture was in the logarithmie stage of growth 
tracer glucose-6-C™ was added in two portions. Approximately 
90 per cent of the tracer was added at once and the culture al- 
lowed to grow for an additional 2.5 hours during which time the 
optical density increased about 40 per cent. It was expected 
that this first portion of tracer would introduce significant 
amounts of C™ into the RNA, DNA, and polyglucosan. The 
remaining 10 per cent of the tracer was then added to the medium 
and 5 minutes later growth was stopped by acidification to pH 
5.0. The last portion of tracer presumably served to introduce 
measurable amounts of C'™ into the hexose phosphate pools. 
The ribose, deoxyribose, polyglucosan glucose, and hexose phos- 
phates were isolated and degraded. The results are presented 
in Table III. All the sugars were labeled principally in the last 
carbon atom. The ribose and deoxyribose were labeled almost 
identically with C-1 containing about 10 per cent and C-5 about 
90 per cent of the radioactivity. Thus the results again indicate 
that the deoxyribose is formed by reduction of ribose or from 
some common precursor. If the pathway suggested by Racker 
was important, there should have been a large amount of radio- 
activity in C-2, as illustrated in Fig. 1. Since the radioactivity 
of C-2 of deoxyribose was very low in comparison with C-5, this 
experiment does not indicate a significant participation of the 


Fic. 1. Hypothetical scheme illustrating the possible distri- 
bution of C'* in deoxyribose derived from glucose-6-C'* (I) by 
condensation of acetaldehyde and triose phosphate. II, glyceral- 
dehyde- 3-C'; III, pyruvie acid-3-C'; IV, acetalde- 
hy de-2-C'; , deoxy ribose- 2,5-C'*, 
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TaBLe III 


C'* distribution in sugars synthesized by E. coli from 
glucose-6-C'* and nonradioactive acetate 


Cells were adapted to grow on acetate by repeated transfer in 
liquid culture as described in the text. 180 ml. of a 22-hour cul- 
ture were inoculated into 1600 ml. of nonradioactive acetate-salts 
medium. The optical density immediately after inoculation was 
19 Klett units. After 5.8 hours, when the optical density had 
reached 71 Klett units, 30 mg. of glucose containing 105 uc. of 
glucose-6-C'* were added (with the counting equipment used 
luc. = 4.5 X 108 e.p.m.). Growth was permitted to continue for 
an additional 2.5 hours, at which time the optical density was 99 
Klett units and an additional amount of 3 mg. of glucose contain- 
ing 10.5 wc. of glucose-6-C'* were added. Five minutes after this 
addition, growth was stopped by acidification of the medium. 
The sugars were isolated and degraded as described in the text. 


Hexoses | Pentoses 
Relative specific activity Relative specific activity 
H | 
Glycogen monophos | Ribose  Deoxyribose 
| 
1 15.4 21 |. 14.4 1 9.5 11.8 
2 7.2 8.7 4.5 | 2 
3 3.2 6.0 4.5 3 0.9 | 1.0 
4 0.8 3.8 3.5 4 “Se pees 
5 6.5 4.4 3.5 | 5 1007-100 
6 100¢ =| 100¢ | | 


* C-5 of ribose = 6.44 & 10° ¢.p.m. per mmole of carbon. 

’ C-5 of deoxyribose = 3.9 X 10° c.p.m. per mmole of carbon. 

« C- = 13 X 10% ¢.p.m. per mmole of carbon. 

¢The hexose monophosphate and hexose diphosphate pools 
were isolated by a carrier technique, therefore the specific activi- 
ties of these pools could not be determined. 


Racker pathway. The total radioactivity in the glucose-6-C™ 
added in the experiment was 5.4 X 107 ¢.p.m. The acetate re- 
maining in the medium at the end of the experiment was isolated 
and was found to contain a total of 7.8 x 10° ¢.p.m., indicating 
that at least 14 per cent (and probably much more) of the 
glucose added was metabolized by the cells to a 2-carbon unit in 
metabolic equilibrium with acetate. Therefore, it appears 
quite certain that the 2-carbon unit would be labeled and that 
the deoxyribose was not formed by C3 and Cz condensation. In 
this laboratory,® the biosynthesis of deoxyribose by E. colt in- 
fected with T.H bacteriophage has been studied. E. coli was 
grown on nonisotopic acetate, transferred to glucose medium, 
infected, and after infection glucose-6-C™ was added. The cells 
were allowed to lyse and the bacteriophage progeny were col- 
lected. DNA was isolated from the bacteriophage and degraded 
as described above. More than 96 per cent of the label was in 
C-5, 3 per cent in C-1, and | per cent in C-4. Since this could 
not have occurred if deoxyribose-were synthesized by a C3 and 
C. condensation, this experiment supports our finding in normal 
cells. 


® Specific degradation of this acetate was not carried out, so it 
is impossible to say how the radioactivity was distributed in the 
molecule. 

6 Unpublished experiments of E. M. Wright and H. Z. Sable. 
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DISCUSSION 


Bernstein (2) found that in E. coli, glucose-3 ,4-C™ gives rise 
exclusively to ribose-2,3-C™. Our finding that the pentoses were 
labeled in the ratio of approximately 25:50:100 in carbons 1, 2, 
and 3 was therefore unexpected although Bernstein (34) had 
reported a very similar isotope distribution in the pentose of rats 
to which NaHCO; had been administered. It is apparent that 
neither HMP oxidation nor TK-TA pathways (Fig. 2) alone can 
account for the isotope distribution observed, but a combination 
of the two pathways could explain the labeling in pentose pro- 
duced from 3,4-labeled hexose. It is seen in Table IV that a 


Cx 
Cx Cx cx 
Cx Cx Cx 
C C C 
Cc 
Cc 
C C C 
C Cc C 
(1) (2) (3) 
NET: 24 HEXOSE —> 3 PENTOSE 


Fic. 2. The formation of 1,2,3-labeled pentose from 3,4-la- 
beled hexose by transketolase and transaldolase. Step I is the 
transketolase-catalyzed reaction of a triose phosphate and hexose 
phosphate to yield (1) pentose phosphate-3-C'* and (EF) tetrose 
phosphate-1,2-C'*. In Step II the tetrose phosphate reacts with 
a second mole of hexose phosphate, under the influence of trans- 
aldolase, to yield (H) heptulose phosphate-3,4,5-C'* and triose 
phosphate. In Step III, again catalyzed by transketolase the 
products of Step II react to yield (2) pentose phosphate-1,2,3-C'* 
and (3) pentose phosphate-3-C'. 


TABLE IV 


Hypothetical C'* distribution in pentose formed from hexose-3,4-C'* 
by various combinations of oxidative and nonoridative pathways 
The TK-TA sequence is considered to yield a C'4 distribution of 

33.3:33.3:100 in C-1, C-2, and C-3, respectively, and the hexose 

monophosphate oxidation is considered to yield a distribution of 

0:100:100, from glucose-3,4-C'*. For example, in the case pro- 

posed where there is a 3:1 preponderance of the TK-TA sequence, 

33.3 X%3+0X 1 


the calculation is made as follows: C-1 = r == 25: 
33.3 3+ 100 X 1 100 3+ 100 X 1 
C-2 = aba 3 = 50: C-3 = ats = 100. 
4 4 
Contribution made by Relative specific activityfin 
TK-TA HMP oxidativ | | 
pathway | ae | C-1 | C-2 C-3 
2 1 22 | 55 100 
3 1 25 | 50 | 100 
4 1 | 26.6 47.7 | 100 
5 1 | 29.3 44 100 
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preponderance of TK-TA over HMP oxidation of about 3:1 is 
compatible with the data obtained. A similar argument has 
been used by Marks and Feigelson (35) to explain their data. 
The absence of significant amounts of label in C-1 and C-2 of 
glycogen suggests that very little resynthesis of hexose from 
pentose has occurred in these cells. 

The experiment in which a tracer amount of glucose-6-C™ was 
added to a culture of E. coli growing in salts-acetate medium 
permits several other conclusions to be drawn: (a) the distribu- 
tion of C™ in the hexose phosphate pools indicates that the 
polyglucosan accurately reflects the C™ distribution of the hexose 
phosphates, and (6) on the basis of the C™ distribution in the 
glucose derived from the polyglucosan and from the hexose phos- 
phates, carbon | of hexose contributes to carbon 1 of pentose; 
again indicating a significant contribution of the TK-TA sequence 
in E. coli growing on acetate. 

The similarity of C™ distribution in the purine- and pyrimidine- 
bound ribose was to be expected. The compound 5-phos- 
phoribosyl-1-pyrophosphate has been implicated in the synthesis 


! of both pyrimidine nucleotides (37) and purine nucleotides (38), 


and the existence of a common precursor suggests that ribose 
when formed is utilized for synthesis of all ribose-containing 
compounds in the cells. This concept has been borne out in 


_ these studies. All our experiments indicate that ribose and 


deoxyribose arise from a common precursor or that the ribose 
gives rise to deoxyribose. In experiments in which it was pos- 
sible to calculate the actual radioactivity of the sugars syn- 
thesized in the cells, the specific activity of the ribose was al- 
wavs greater than that of the deoxyribose, so that one may 
postulate that ribose is a precursor of deoxyribose and not the 
reverse. This supports the finding of Grossman and Hawkins 
(14) that ribose derivatives are reduced enzymatically to deoxy- 
ribose derivatives. Bernstein (39) has drawn the same con- 
clusion on the basis of studies with Z. coli utilizing variously 
labeled glucose and lactate. The possibility remains that 
deoxyribose is synthesized by a different mechanism in other 
Shreeve and Grossman (8) and Bernstein (39) have 
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reported that the pattern of isotope distribution in deoxyribose 
differs from that of ribose in rats fed C-labeled glycine and 
NaHCO;. Horecker et al. (40) have recently reported that the 
ribose and deoxyribose of regenerating liver and mammalian 
tumor cells show moderate differences in their labeling patterns. 
They present arguments in favor of the conversion of ribose to 
deoxyribose, and believe that the deoxyribose aldolase mecha- 
nism is probably not very important in the biosynthesis of deoxy- 
ribose in these tissues. It should be noted, however, that recent 
enzymatic studies by Boxer and Shonk (41) suggest that deoxy- 
ribose aldolase may be involved in normal liver and malignant 
hepatoma. The latter authors propose an important role for 
threonine aldolase in supplying acetaldehyde. These considera- 
tions may also have a bearing on the present work, because of the 
prevailing uncertainty as to whether a pyruvie carboxylase is 
present in E. coli.7 


SUMMARY 


1. The synthesis of ribose and deoxyribose in E. coli grown in 
a synthetic medium for varying lengths of time has been studied. 
In all the studies sodium acetate was the sole source of carbon. 
When either acetate-1-C™ or glucose-6-C™ was the tracer, the 
distribution of C™ in the deoxyribose was very similar to that of 
the ribose, supporting the concept of reduction of ribose to 
deoxyribose. A combination of the transketolase-transaldolase 
and hexose monophosphate oxidative pathways was found to 
best fit the data obtained. 

2. The polyglucosan-glucose and hexose monophosphate pools 
were found to have a similar distribution of C', indicating the 
reliability of the use of polyglucose compounds as indicators of 
the isotope distribution within the hexose phosphate pools. 

3. The data suggest that the condensation of 3-carbon and 
2 carbon fragments did not occur to an appreciable extent in the 
synthesis of deoxyribose in these cells. 


Acknowledgment—The expert technical assistance of Miss Joy 
L. Bailey in many of these experiments is acknowledged. 
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Serum Phospholipide Analysis by Chromatography 
and Infrared Spectrophotometry* 
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In recent years adsorption chromatography has been an in- 


creasingly important tool in the study of lipides in general, and 
. the phospholipides in particular. 


The phospholipides have re- 
ceived special attention since Borgstrém (1) observed that they 
could be quantitatively separated from the nonphosphorus-con- 
taining lipides by the use of a silicic acid column. The subfrac- 
tionation of phospholipide mixtures has since been carried out by 
several investigators, with the use of varying concentrations of 
methanol in chloroform as eluting solvents. Such chromato- 
graphic procedures, basically similar to our own, have been suc- 
cessfully applied to egg yolk phospholipides by Lea et al. (2) and 
Rhodes and Lea (3) and to the phospholipides of liver and yeast 
by Hanahan et al. (4). Phillips (5, 6) has described a procedure 
for separation of serum phospholipides by silicic acid chromatog- 
raphy, in which he reports the separation of a fraction composed 
mainly of lysolecithin. Further mention will be made of this 
work in the discussion section. 

The work in this laboratory has been directed toward develop- 
ing simplified methods applicable to smaller quantities, with the 
use of infrared spectrometry for both characterization and meas- 
urement. Analysis of serum for the principal lipide classes by 
such a method has been described in an earlier paper from this 
laboratory (7). We now extend that method to provide for fur- 
ther fractionation and estimation of the principal serum phos- 


pholipides. 


The method to be presented can be incorporated as an integral 
part of the total lipide analysis previously described (7), and it 
retains the advantages of that method. These are (a) relatively 
small sample size; (b) simplicity and uniformity of techniques; (c) 
nondestruction of material (insofar as handling losses and dele- 
terious effects of exposure can be avoided). From the method 
as given here, measurements are obtained of lecithin, sphingo- 
myelin, and a mixed fraction containing the minor constituents, 
phosphatidylethanolamine and phosphatidylserine. Its accu- 
racy is estimated to be about plus or minus 10 per cent, somewhat 
better for the major components, lecithin and sphingomyelin, and 
somewhat poorer for the mixed fraction of minor constituents. 
The procedure will be described for a 10-ml.-serum sample, cor- 
responding to 15 to 30 mg. of phospholipides. With the spec- 
trophotometer used, this allows a fair estimate of the mixed non- 
choline-containing phospholipides, which usually amount to 1 to 
2mg. Smaller samples could be used if only lecithins and sphin- 


* This work was supported in part by the United States Atomic 
Energy Commission. 


gomyelins were of interest, or if a spectrometer capable of accom- 
modating smaller quantities were used. 

Analysis of tissue phospholipides, which frequently contain sig- 
nificant amounts of other components not included in the scheme 
for serum analysis, may require modifications to account for those 
components. Schwarz et al. (8) have studied some tissue lipides 
by infrared characterization of chromatographic fractions. Lip- 
ides from virus preparations (9), milk, and red blood cells 
have also been examined in this laboratory by these techniques. 


EXPERIMENTAL 


Materials 


Silicie acid, c.p., precipitated, was obtained from Fisher Scien- 
tific Company and Celite, analytical filter aid, from Johns Man- 
ville. All solvents are c.p. reagent grade. The chloroform con- 
tains 0.5 to 1 per cent ethanol as a preservative. In general we 
have not found it necessary to redistill such solvents. Their pu- 
rity can be checked by recording the infrared spectra of their non- 
volatile residues. Complete solvent blanks may also be run 
through the entire procedure and the absorbances determined at 
the analytical wave lengths for each eluted fraction. Corrections 
may be applied if necessary, or further purification may be indi- 
cated. 

The adsorbent is prepared by sifting and mixing together thor- 
oughly two parts (by weight) of silicic acid and one part Celite, 
washing the mixture with methanol, drying it, and finally heating 
it to 120° for 24 hours. It may be stored in a closed vessel, or 
preferably in a desiccator. 


Lipide Extraction 


Any method which extracts all the phospholipides would be ac- 
ceptable provided it excludes all nonlipide components. Non- 
lipide material in the total extract gives a total weight which will 
vitiate recovery figures. It may also interfere with the move- 
ment of the phospholipides on the column and some contaminants 
appear to aid the spontaneous decomposition and air oxidation of 
the lipides. 

The extraction method used is a modification of the procedure 
of Sperry and Brand (10) which was based mainly on the work 
of Folch et al. (11). A 10-ml.-serum sample is pipetted into a 
250-ml. volumetric flask containing 83 ml. of methanol. Then 
83 ml. of chloroform are added to the flask, and the flask placed 
in a 60° water bath for 15 minutes. The flask is then cooled to 
room temperature and brought to volume with chloroform. The 
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TABLE I 


Silicic acid chromatographic scheme for a 2-gm. column of silicic 
acid-Celite mizture, 2:1 (weight for weight) 


Fraction | Solvent Volume Components 
mil. 

| CH-2Cl, 100  Nonphospholipides  (choles- 
terol, cholesteryl esters, 
glycerides, fatty acids) 

II | Acetone _ 20 | Principally nonphospholipides 
(oxidized?) ; pigments; trace 
of phospholipides 

III | 35% Methanol | 10 Phosphatidylethanolamine + 
65% CHCl. | phosphatidylserine (small 
| | amounts of nonphospho- 

| | lipides) 

IV 35% Methanol | on | Lecithins 

65% CH2Cl, | | 
V 95% Methanol 50 Lecithins, sphingomyelins 
5% H.0 | | 


precipitated protein is removed by filtration through a fast filter 
paper into a 250-ml. graduated cylinder. The volume recovered 
after the filtration is recorded and future calculations corrected 
for the amount lost in filtration. The filtered extract is again 
brought to 250 ml. with chloroform and transferred to a 500-ml. 
separatory funnel, which must be fitted with a Teflon stopcock, 
and 50 ml. of distilled water are added to the funnel. It is then 
shaken vigorously for 5 minutes after which time it is allowed to 
stand until complete separation of both phases is achieved (this 
usually takes 1 or 2 hours). 

The lower (organic) phase, containing the lipides, is drawn off; 
the aqueous phase is discarded. The organic phase is transferred 


to a 250-ml. distillation flask and the solvent removed under re- 


duced pressure with a rotary evaporator. When most of the sol- 
vent has been removed the residue is transferred, with the use of 
chloroform, to a tared vial and the remaining solvent removed by 
blowing nitrogen over the surface. The vial is placed in a vac- 
uum desiccator for 24 hours and then weighed. 

For other initial volumes of serum proportional volumes of ex- 
traction solvents are required. 


Chromatography 


The columns are prepared on the basis of 10 to 15 mg. of phos- 
pholipides to 1 gm. of silicic acid-Celite mixture. For a 10-ml.- 
serum sample the amount of adsorbent used is 2 gm., giving a 
column 1 cm. in diameter and approximately 3 cm. in height. 
(Such a column can be used for the complete lipide analysis if 
desired.) 

The silicic acid-Celite mixture is added as a slurry in methylene 
chloride! and packed by air pressure from an air line or a syringe 
fitted to the top of the column. Gentle tamping with a glass rod 
is advisable to prevent channelling and to provide a level surface. 
The column is washed with approximately 10 column volumes of 
methylene chloride before adding the lipides to the column. (A 


1In the following chromatographic procedures methylene 
chloride has been used throughout. For this particular chroma- 
tographic scheme, chloroform and methylene chloride can be con- 
sidered as substantially equivalent. It is possible that differences 
would be evident in a procedure where a large number of small 
fractions are taken. If methylene chloride is unavailable, chloro- 
form may be substituted with no changes in the elution scheme. 
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column volume is approximately 2.5 ml. per gm. of silicic acid-Ce. 
lite.) 

The lipide extract is added to the column in 2 ml. of methylene 
chloride. Care must be taken not to disturb the level surface of 
the column and to see that there is no channelling present. The 
lipides are washed on to the column with another 3 ml. of methyl. 
ene chloride, and then the liquid level is brought to the surface 
of the silicic acid. Again, care must be taken not to allow the 
liquid level to fall below the silicic acid level at this time or at 
any time during the chromatography. After addition of the 
sample to the column, the elution is carried out according to the 
scheme shown in Table I. 

Since a few broad cuts are being taken rather than a large num- 
ber of small ones, care must be taken in changing collection ves- 
sels to ensure that the leading edge of each new solvent is retained 
in the proper fraction. The flow rate is adjusted by the applica- 
tion of low pressure and is not critical as long as it does not ex- 
ceed 4 or 5 ml. per minute. Under gravity alone the flow rate 
is usually far too slow for practical purposes. 

Fractions II, III, and IV are small enough to be collected in 
25-ml. screw cap vials which have been previously tared. These 
fractions are evaporated to dryness under nitrogen on a hot plate 
at 50°, and then desiccated under vacuum for not less than 6 
hours before weighing. Fractions I and V are collected in 150- 
ml. beakers, evaporated with nitrogen until the volumes are suffi- 
ciently reduced, and then transferred to a vial of the same type 
as described for fractions II, III, and IV. After desiccation, 
weights are obtained on each fraction, mainly for correlation 
with the infrared data. 

Fraction I contains virtually all of the nonphospholipides, or 
70 to 80 per cent of the total serum lipides. Fraction IT is very 


small in amount, serving mainly to remove residual nonphospho- / 


lipides. It is particularly helpful in cases where unavoidable oxi- 
dation has taken place, acetone acting as a scavenger for oxidized 
materials, and so forth. Traces of phospholipides amounting to 
less than | per cent of the total, are usually found in Fraction II. 
For the present purposes the first two fractions are only weighed 
for inclusion in total recovery figures. 

Fraction III consists mainly of phosphatidylethanolamine plus 


phosphatidylserine, with small amounts of nonphospholipides 


still persisting. 


Fraction [V contains 60 to 80 per cent of the lecithin present — 


in the total extract. It is usually quite colorless and free from 
contamination. 

The remaining lecithin is eluted together with sphingomyelin 
in Fraction V. It has not been possible in our experience to sep- 
arate sphingomyelin free of lecithin. However, it is a virtue of 
our procedure that by employing infrared analysis it is unneces- 
sary todo so. Indeed, Fractions IV and V could be analyzed as 
a single mixture, but it is desirable to remove enough of the leci- 
thin so that the concentrations of the two components are more 
nearly comparable. 


Infrared Measurements 


All our measurements have been made with a Baird Associates 
double beam recording infrared spectrophotometer, equipped 
with a sodium chloride prism. The absorption cell is of our own 
design and has an optical path length of 0.9 mm. and a volume 
of 0.15 ml. 

Fractions I and II normally are not included in the infrared 
determinations. 
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Fraction III usually contains between 1.0 and 2.5 mg. of ma- 
terial and is dissolved in 0.20 ml. of carbon disulfide? for record- 
ing its spectrum. This is done by transferring the sample in a 
minimal volume to a 1.0-ml. graduated centrifuge tube. The 
volume is then brought to the desired level and 0.15 ml. trans- 
ferred to the absorption cell. (A preliminary gravimetric weight 
on each fraction is useful here in that the optimal concentration 
fora 0.9-mm. cell is between 5 and 7.5 mg. per ml., so that weights 
of from 1.0 to 1.5 mg. are diluted to 0.20 ml. and weights from 
1.5 to 2.5 mg. are diluted to 0.375 ml.) 

Fraction IV usually contains between 10 and 15 mg. of leci- 
thin and is transferred into a 2-ml. volumetric flask with carbon 
disulfide and made to volume. If the weight is between 5 and 10 
mg., a 1.0-ml. volumetric flask is used. 

Fraction V is dissolved in 1.0 ml. of chloroform, as carbon di- 
sulfide does not transmit in the necessary spectral regions and 
sphingomyelin is relatively insoluble in carbon disulfide. 

The spectrum of each eluted fraction is recorded from 5 to 11 
u. Over the bands whose absorbances are to be measured, the 
scanning rate should be slow enough to allow full response of the 
recorder. 

Typical spectra obtained from the chromatographic eluates of a 
serum sample are shown in Fig. 1. The region from 6.0 to 7.2 u 
is obscured in carbon disulfide solutions, and the regions from 6.4 
to 6.7, 7.8 to 8.7, and 9.3 to 9.9 uw are obscured in chloroform. 
The dotted line is the solvent baseline, obtained by running sol- 
vent in the sample cell against solvent in the reference cell. 

The spectrum of Fraction III is given in Fig. 1, A. The con- 
centration (as phosphatidylethanolamine) is determined by cal- 
culating the absorbancy at 5.8 uw and using the experimentally de- 
termined absorption coefficient to convert absorbancy into mg. 
per ml. The rest of the curve is used primarily to indicate the 
purity of the sample. The absence of a 10.3 uw band shows that 
no lecithin is present. The 9.3 uw band can also be calibrated and 
used as a cross-check on the 5.8 w band measurement. 

Fraction IV (Fig. 1, B) is caleulated as lecithin and usually 
the 9.2 or the 10.3 uw band is used to calculate the concentration 
of the lecithin present. The 5.8 w band is less reliable but can 


also be used. 


Fraction V (Fig. 1, C) is a two component mixture containing 
The absorption curves of leci- 
thin and sphingomyelin are very similar beyond 7 uw (see Fig. 2) 
but they differ significantly in the 5.8 to 6.2 uw regions as seen in 
the chloroform solution spectrum. With the use of these absorp- 
tion bands at 5.8 and 6.1 w and two standard simultaneous equa- 
tions (7, 12), itis possible to calculate the amounts of lecithin and 
sphingomyelin present. 


Calibration 


The materials used as standards have been natural products, 
purified as far as possible by chromatography. As further cri- 
teria of purity we have relied mainly on their infrared spectra and 
chemically determined phosphorus values. Phosphatidyletha- 
nolamine was prepared from the acetone-insoluble lipides of egg 
yolk by rechromatographing twice according to the procedure of 
Lea et al. (2). This is used as a standard for Fraction III, in 
which phosphatidylethanolamine is presumed to predominate 
over phosphatidylserine. These two compounds are eluted to- 
gether (3, 4, 6), and furthermore their infrared spectra are very 


? All operations with CS, should be carried out under a hood. 
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Fic. 1. Typical infrared spectra obtained from chromato- 
graphic eluates of a serum sample. The regions from 6.0 to 7.2 u 
is obscured in CS: solution and from 6.4 to 6.7, 7.8 to 8.7, and 9.3 
to 9.9 » in chloroform. The dotted line is the solvent baseline. 
A, Fraction III (phosphatidylethanolamine and phosphatidyl- 
serine), 3.79 mg. in 0.5 ml. of carbon disulfide; B, Fraction IV, 
lecithin, 8.00 mg. per ml. in carbon disulfide; C, Fraction V, lecithin 
and sphingomyelin mixture, 5.63 mg. per ml. in chloroform. 


similar. Lecithin obtained from serum in our chromatographic 
procedure (Fraction IV) was further rechromatographed three 
times for use as a standard. Phosphatidylethanolamine and lec- 
ithin fractions so prepared have been considered acceptable if 
their phosphorus content is 4.0 + 0.1 per cent, and their infrared 
absorptions at 10.3 w are minimal and maximal, respectively. 

Fifth fractions from scaled-up serum phospholipide chromatog- 
raphy, or pooled fifth fractions from routine serum phospholipide 
chromatography have served as a source of sphingomyelin. For 
purification, it has been subjected to mild basic hydrolysis as de- 
scribed by Hack (13); then the extract from the neutralized hy- 
drolysis mixture is rechromatographed by the usual procedure. 
Fraction V is taken as “‘pure’”’ sphingomyelin if its phosphorus 
content is satisfactory and no ester carbony! absorption at 5.8 u 
in the infrared can be detected. 

The infrared spectra of the reference compounds are shown in 
Fig. 2. Figs. 2, A and B are phosphatidvlethanolamine and lec- 
ithin respectively in carbon disulfide, while Fig. 2, C is sphingo- 
myelin in chloroform. Fig. 2, D is sphingomyelin on NaCl 
plates, showing the full spectrum unobscured by solvent absorp- 
tion. 

While synthetic compounds of rigorous purity would be de- 
sirable as standards, most of those that have been prepared so 
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Fig. 2. The infrared spectra of reference compounds. A, Phos- 
phatidylethanolamine, 5.06 mg. per ml. (CS2); B, Lecithin, 6.55 
mg. per ml. (CS2); C, Sphingomyelin, 6.06 mg. per ml. (CHCl); 
D, Film of sphingomyelin on NaCl plates. All reference com- 
pounds in this figure were prepared as indicated in the text. 


far (by Professor Erich Baer, Toronto) have been phosphatidy]- 
ethanolamines and phosphatidylcholines containing saturated 
fatty acids. These have limited solubility in carbon disulfide 
when the fatty acid chain lengths correspond to those expected to 
occur in natural phospholipides. On one occasion we were fortu- 
nate in being able to compare the spectral absorption data for 
purified serum lecithin with those for synthetic dioleyl lecithin 
(courtesy of Professor Baer), which is much more soluble than 
the saturated lecithins. (Egg lecithins are generally similar to 
those from serum.) Absorptivities at the major peaks agreed 
within 2 to 3 per cent except at 5.8 u, where the coefficient for se- 
rum lecithin was about 10 per cent lower than the synthetic. 
This presumably reflects a lower content of ester groups per gram, 
and could arise from a difference in fatty acid size, or possibly 
from the presence of lysolecithin or some unknown contaminant 
in the natural material. In the absence of more definite informa- 
tion about the fatty acid composition of serum phospholipides, 
and the fluctuations thereof, we have used the empirical data for 
the natural substances, subject to the criteria stated above. 
Table II lists a set of typical absorption coefficients of the meas- 
ured phospholipides at their principal absorption bands. The 
absorption coefficients, designated a, are absorbances per unit 
concentration (mg. per ml.) in an absorption cell of optical path 
length 0.9 mm. The phosphatidylethanolamine and lecithin 
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Taste II 
Absorption coefficients, a = absorbancy per mg. per ml. 

A list of the absorption coefficients, a, for the principal absorp. 
tion bands of the major phospholipides found in serum. Prepara- 
tion of these materials is described under calibration. All values 
of a are for a cell with optical path 0.9 mm. These absorption 
coefficients apply to concentrations within the range 5.0 to 7.5 
mg. per ml. over which the calibration curves are quite linear. 
As concentrations are increased above this range, the validity of 
these a values becomes questionable. 


Phosphatidy]l- 
Wave length Lecithin (in CS2) 

3.4 0.126 0.122 0.139 
5.8 0.077 0.080 0.003 
6.1 0.011* 0.047 
6.8 0.038 
8.1 0.060 0.073 
9.2 0.074 0.063 
9.3 0.073 0.070 

10.3 0.020 0.044 0.045 


* This value is obtained in chloroform; this region is obscured 
in carbon disulfide. 


standards are dissolved in carbon disulfide, while sphingomyelin 
is dissolved in chloroform. It should be emphasized that these 
values are not transferable to other instruments. Independent 
calibration must be carried out for the same spectrometer and ab- 
sorption cells that are to be used in the analysis. 


RESULTS AND DISCUSSION 


The validity of the method was determined by running dupli- 
cate samples completely through the analyses and then running 
standard samples through the chromatography. This gives 
ample evidence that the method is reproducible. Data on the 
duplicate runs are presented in Table III. Table IV compares 


the gravimetric weights, weights determined from the infrared 


TaBLe III 
Duplicate analyses of serum phospholipides 


ctr 


ord 


| 
| 


All samples chromatographed by identical procedures on a 2-gm. | 


column. All weights are in milligrams as determined by infrared | 
measurements. 
Run No. Fraction III Lecithin Sphingomyelin 
1A 1.23 19.9 4.55 
1B 1.20 18.9 5.32 
2A | 0.59 12.8 5.42 
2B | 0.59 13.5 4.73 
3A | 0.88 16.7 2.46 
3B 0.84 17.2 2.30 
44 | 1.33 15.4 3.70 
4B | 1.26 14.5 3.45 
mM 1.21 17.4 5.96 
5B | 1.12 16.7 6.02 
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measurements, and the weights calculated from lipide phosphorus 
(14) (phospholipide = lipide phosphorus X 25). The gravimet- 
ric values in Fraction III are considerably higher than corre- 
sponding infrared values, presumably because of nonphospholipide 
impurities. Weights calculated from phosphorus are slightly 
lower than corresponding infrared values. This may be because 
part of the nonphospholipide impurities are esters and are meas- 
ured at 5.8 w in the infrared, or because of handling losses in re- 
covering the material for phosphorus analysis. 

Table V gives results of a complete chromatographic run, show- 
ing the comparison of all fractions by weight, infrared, and phos- 
phorus, from initial extraction to final separations. 

Table VI presents the results obtained for the analysis of an 
artificial mixture of phosphatidylethanolamine, lecithin, and 
sphingomyelin chromatographed by the standard procedure. 
The phospholipides used were prepared from egg yolk and hu- 
man serum as described for calibration standards. Notice the 
tailing of the lecithin into the fifth fraction. This lecithin, al- 
though triply chromatographed, with only the fourth fraction be- 
ing retained each time, still associated strongly with the sphin- 
gomyelin when chromatographed in the mixture. In this run 
there was no indication of phosphorus in Fraction I and approxi- 
mately 2 per cent of the total phosphorus was recovered in Frac- 
tion II. There was no indication of any lecithin in Fraction III. 


TaBLe IV 
Comparison of chromatographic fractions 
Comparison of the chromatographic fractions in terms of gravi- 
metric weight, infrared calculated weight, and weight as phos- 
pholipide from chemical phosphorus analyses; five separate runs. 
Weights are in milligrams. 


Run No. Fraction No. Infrared Chemical Gravimetric 

1A I 0.00 53.4 
II 0.28 0.75 

III 3.6 3.4 4.2 

IV 14.9 15.0 14.9 

V 7.2 6.7 7.2 

2B I 0.00 49.4 
II 0.28 0.84 

III 0.59 0.52 1.6 

lV 11.7 10.6 11.7 

Vv 6.5 6.5 5.6 

3A ] 0.00 22.9 
II 0.28 1.3 

Ill 0.84 0.81 2.9 

IV 13.5 11.5 12.6 

V 5.8 5.7 6.4 

4B I 0.00 72.8 
II 0.26 5.3 

Ill 1.3 2.1 

IV 11.7 12.0 12.6 

Vv 6.3 6.5 7.3 

9A I 0.00 72.4 
II 0.16 6.0 

III 2.4 2.1 3.8 

IV 15.1 16.3 16.0 

Vv 6.8 6.9 6.9 
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TABLE V 


Analytical results for 10-ml.-serum lipide extract, showing 
recoveries of total lipide and phospholipide 


Chromatography: 
Amount added to column.................... 86.0 mg. 
Total weight of all fractions................. 80.1 mg. 
Breakdown of chromatographic fractions (all weights in mg.) 
Fraction Infrared Chemical Gravimetric 
I 0.00 54.3 
II 0.33 
III 1.2 1.0 1.8 
IV 14.8 13.3 15.0 
V 9.4 8.8 8.9 
Totals of III, IV, V 25.4 23.1 25.7 


Phosphorus determination on the initial extract indicated 25.4 
mg. of phospholipides in the extract. 
Distribution of the phospholipides: 
Phosphatidylethanolamine and 


phosphatidylserine............... 12mg. 4.7 per cent 

5.3 mg. 20.9 per cent 
TABLE VI 


Results of chromatographic-infrared analysis of prepared 
known mizture of phospholipides 


Constituent | | 
meg mg 
Phosphatidylethanolamine...... 2.9 2.5 —12.2 
Sphingomyelin................. 6.2 6.3 +1.5 
Chromatography 
Fraction Infrared Chemical Gravimetric 

I 0.0 0.3 

II 0.3 0.4 

ITI 2.5 1.9 2.6 

IV 8.7 6.8 8.1 

V 10.1 9.0 10.1 

21.3 18.0 21.5 


Sources of Error 


A possible source of error is the overlapping and tailing of the 
components into other fractions than the one in which they are 
supposed to be collected. In Fraction III the presence of any 
material from the later fractions can be detected by the presence 
of an infrared absorption band at 10.3 uw. If as much as 5 per 
cent lecithin or sphingomyelin is present in this fraction it will be 
detectable in the 10.3 uw region. Since this band is ordinarily not 
seen in Fraction III, the error resulting from this cross contami- 
nation is assumed to be less than 5 per cent. 

It is unlikely that the discrepancies between weights for Frac- 
tion III and phospholipide values from either infrared or phos- 
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phorus determinations (Table IV) are caused to any great extent 
by overlapping. Other observations indicate that most of the 
difference can be accounted for by inorganic material, probably 
salt, which has accompanied the phospholipides of this fraction. 
The presence of salt does not affect the infrared determination, 
and in our experience we have found little evidence of significant 
errors attributable to organic contaminants (esters). 

In Fraction IV it is impossible to detect the presence of less 
than 5 per cent phosphatidylethanolamine with any reliability. 
In this case the intensity of the 10.3 uw band is used as the indica- 
tion of purity. If the fourth fraction should contain 5 per cent 
of phosphatidylethanolamine, however, it could represent a 20 to 
30 per cent deficiency in the amount that should have been found 
in Fraction III. This is part of the reason why reliability of the 
method for the components of Fraction III is lower than for either 
lecithin or sphingomyelin. 

Contamination of Fraction IV by sphingomyelin in significant 
amounts can be detected by excessive absorption at 6.1 yu, but 
only if the spectrum is taken in chloroform solution. In checking 
Fractive IV in that manner, measurable contamination has not 
been found. : 

Since Fraction V is expected to contain both lecithin and sphin- 
gomyelin, this overlap is not a matter of concern. 

Deterioration of the sample by oxidation or decomposition as 
a result of excessive exposure is also a possible source of error. 
This can be minimized by carrying out all operations as soon and 
as quickly as possible, and by the use of nitrogen or vacuum for 
the evaporation steps, or both. For any storage that may be 
necessary the samples or fractions should be kept under nitrogen 
or vacuum at low temperatures. Air oxidation of cholesteryl 
esters is especially troublesome, since the oxidation products tend 
to be retarded in their elution and may appear in various subse- 
quent fractions. 

Apart from chromatographic separability, the quantitative as- 
pect of this method is predicated to a large extent on the following 
assumptions: (a) lecithin, sphingomyelin, and phosphatidyletha- 
nolamine account for substantially all of the serum phospholip- 
ides (the presence of phosphatidylserine in small amounts has 
been recognized by its nominal inclusion with phosphatidyletha- 
nolamine in Fraction IIT); (6) the analysis can be calibrated with 
standards that adequately represent those phospholipide classes; 
(c) infrared absorption bands can be selected that are appropriate 
for the quantitative measurement of each class. In any of these 
respects departure from ideality can contribute errors to the final 
results. 

The first assumption has been considered valid in the light of 
prior knowledge of serum phospholipides. Recently, Phillips 
(5, 6) has announced the isolation and identification of lysoleci- 
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thin from normal human blood serum in the order of 5 per cent 
of the total phospholipides. If this is correct, this material would 
appear in this elution scheme in Fraction V and be included jn 
the lecithin determination. However, in some extended frac- 
tionations of Fraction V, we have been unable to separate a dis. 
crete fraction following sphingomyelin. The discrepancy 
between our average values for lecithin (75 per cent) and those re- 
ported by Phillips (69 per cent) is approximately accounted for 
by the percentage he gives as lysolecithin. 

The errors inherent in calibration depend in part on the varia- 
bility within each class, e.g. variations of molecular weight as a 
function of fatty acid composition. It is difficult to assess the 
range of this variability in practice, but the use of purified natural 
phospholipides subject to the criteria discussed under calibra- 
tion, we believe this is a minor factor in the over-all error. 

It is implicit in the use of infrared absorption bands for meas- 
urement that actually some characteristic bond type or intra- 
molecular group is being measured. Such bonds or groups, 7... 
ester carbonyls, amide carbonyls, and phosphate esters, are read- 
ily identifiable as parts of the phospholipide molecules. The 
presence of other substances having the same groups, or possibly 
groups that accidentally absorb at the same wave lengths, would 
introduce errors. For the system of components being dealt with 
here, effective chromatography should avert this problem; but it 
could arise in more complex and less understood mixtures from 
other sources, such as tissues or plants. 


SUMMARY 


A semimicro method has been developed for the analysis of 
serum phospholipides by the use of chromatography and infrared 
spectrophotometry. The extracted total lipides are separated 
into five fractions by successive elution from a silicic acid-Celite 
column with methylene chloride, acetone, 35 per cent methanol- 
65 per cent methylene chloride (two fractions), and methanol. 
The phospholipides are contained in the last three fractions. By 
suitable infrared absorption measurements of these latter three 
fractions (dissolved in appropriate solvents), the amounts of 
lecithin, and sphingomyelin, and a mixed fraction containing 
phosphatidylethanolamine and phosphatidylserines can be de- 
termined. The accuracy for a given component is somewhat de- 
pendent on the composition of the sample being analyzed. In 
general, the probable error is within 10 per cent for lecithin and 
sphingomyelin, and slightly greater for the mixed fraction of 
minor constituents. 
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Previous studies in several laboratories have shown that phos- 
| phatidic acid becomes labeled with P® in cell-free preparations 
of brain during oxidative phosphorylation (1-3). Kornberg and 
Pricer (4) found an enzyme in liver which catalyzes the synthesis 
of phosphatidic acid from a-glycerophosphate and coenzyme A 
thiol esters of fatty acids. McMurray et al. (2) found this path- 
way to be present in brain homogenates and in brain mitochon- 
dria. In the present study, this pathway was also found to be 
present in brain microsomal fractions. However, a different 
pathway for phosphatidic acid synthesis has also been found in 
brain microsomes and deoxycholate extracts of microsomes. In 
this reaction, diglyceride prepared from cabbage phosphatidic 
acid is phosphorylated by adenosine triphosphate. The enzyme 
which catalyzes the formation of phosphatidic acid via this path- 
way has been termed diglyceride kinase. Diglyceride prepared 
from brain lecithin is a poor substrate, and 1-palmityl ,2-oley] 
diglyceride is even poorer. The activity of the enzyme in brain 
microsomes is greatly increased by treatment of the microsomes 
with suitable concentrations of deoxycholate. 

A phosphatase which liberates inorganic phosphate from cab- 
bage phosphatidic acid is also present in the deoxycholate extracts 
of brain microsomes; the enzyme shows comparatively slight ac- 
tivity, if any, toward L-a(distearoyl)phosphatidic acid. The 
combined action of the phosphatase and the diglyceride kinase 
in these extracts catalyzes the exchange of phosphate in cabbage 
phosphatidic acid. 


EXPERIMENTAL 


Enzyme Preparations—Microsomes and mitochondria from 
guinea pig brain were prepared as described previously (3). The 
fractions were suspended in isotonic sucrose. Deoxycholate- 
treated suspensions were prepared by adding to the suspended 
microsomes an equal volume of a freshly prepared solution of 
0.012 m sodium deoxycholate in 0.04 m potassium glycylglycine, 
pH 7.0. Soluble extracts were prepared by centrifuging the de- 
oxycholate-treated suspensions at 105,000 x g for 30 minutes; 
the supernatant fluid was carefully collected. Where indicated, 
these preparations were dialyzed against a mixture of equal parts 
of isotonic sucrose and 0.012 m sodium deoxycholate in 0.04 m 


* This study was supported in part by grants from the United 
Cerebral Palsy Research and Educational Foundation (Grant No. 
R47-S58C, ae), The National Institute of Neurological Diseases 
and Blindness of the National Institutes of Health (Grant No. 
B-1730), the Wisconsin Alumni Research Foundation, and Fli 
Lilly and Company. 
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potassium glycylglycine, pH 7.0, for 16 hours in the cold room. 
The soluble extracts were stored at —20°. 

The preparations were incubated in 12-ml. Servall centrifuge 
tubes for 1 hour at 38° with shaking in a Dubnoff metabolic in- 
cubator. At the end of the incubation period, 5 ml. of 5 per 
cent trichloroacetic acid were added to each tube and the mate- 
rial was centrifuged. In the phosphatase experiments, ortho- 
phosphate in the supernatant fluid was determined by the method 
of Berenblum and Chain (5). In the radioactive experiments, 
the precipitate was treated to remove contaminating P®, and the 
lipides were extracted and purified as described previously (6). 
Phosphatidic acid was isolated by chromatography either on 
silicic acid-impregnated paper (prepared with reagent grade si- 
licie acid) with diisobutyl ketone-acetic acid-water (40:20:5) as 
the solvent (7, 8) or on Schleicher and Schuell chromatography 
paper No. 2045B with diisobutyl ketone-methy] isobutyl ketone- 
methyl ethyl ketone-chloroform-formic acid (98 per cent)-water 
(30:26:10:110:30:3) as the solvent (9). The amount of phos- 
phatidie acid present in the extracts was insufficient to be de- 
tected on the chromatograms by staining. In order to avoid the 
delay of autoradiography, carrier cabbage phosphatidic acid (50 
to 100 ug.) was added to each lipide sample before chromatog- 
raphy, and the spots were then located by staining with Rhoda- 
mine G (10). The radioactivities of the total lipide extracts and 
the phospholipide spots on the chromatograms were determined 
as described previously (6). 

Lipide extracts were digested with H.SO, and H.O, for deter- 
mination of total phospholipide phosphorus. Orthophosphate 
was then estimated either by the method of Fiske and SubbaRow 
(11) or by the method of Berenblum and Chain (5). 

The quantity of esterified phosphate which remained after 
incubation was determined by shaking a sample of the trichloro- 
acetic acid supernatant fluid with ammonium molybdate, dilute 
H.2SQ,, and isobutanol by the method of Berenblum and Chain 
(5) and counting aliquots of the aqueous phase. This esterified 
phosphate represented the maximal amount of ATP which could 
still be present. 

Radioactive Materials—a-Glycero-P® was synthesized as de- 
scribed by McMurray et al. (2) but on a scale one hundredth as 
great as that used by these authors; proportionately 10 times 
more ortho-P® was used to give material of higher specific activ- 
ity. To remove ortho-P”, carrier orthophosphate was added 
after the reaction was complete and the orthophosphate was then 
precipitated by the addition of 0.1 aw MgCl. in 1 m NH,Cl, made 
alkaline with NH,OH. After standing overnight in the cold, the 
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precipitate was removed by centrifugation. This treatment was 
repeated on the supernatant fluid. The final supernatant fluid 
was passed over Dowex 50 (H+ form) to remove magnesium and 
ammonium ions, and the eluate and washings were dried in a 
vacuum. The maximal specific activity of the glycero-P® was 
3 X 10’ ¢.p.m. per umole. 

Carbamyl-P® was synthesized either as the lithium salt by the 
method of Jones et al. (12) or as the ammonium salt by a mod- 
ification of this method;! it had a maximal specific activity of 
1.5 X 10’ c.p.m. per umole. 

ATP®* labeled in the y-phosphate was synthesized from car- 
bamyl-P® by a method! based on reversal of the carbamate 
kinase reaction described by Jones et al. (12); it had a maximal 
specific activity of 5 c.p.m. per umole. 

Special Chemicals—Cabbage phosphatidic acid was prepared 
and purified according to the method of Chibnall and Channon 
(13, 14). It was precipitated as the sodium salt from an etha- 
nolic solution of the free acid. Care was taken, in adding etha- 
nolic NaOH, not to allow the pH of the solution to rise higher 
than about 6.8; in solutions more alkaline than this the material 
tended to turn brown and become inactive. 

To prepare diglyceride, an aqueous solution of sodium phos- 
phatidic acid was incubated at 37° with prostatic phosphomono- 
esterase in 0.04 m acetate buffer, pH 5.3, until more than 90 per 
cent of the phosphate had been liberated as orthophosphate. 
The diglyceride was then extracted in chloroform-ethanol (1:1), 
and the solvent was removed in a vacuum. The residue, which 
was a colorless oil at room temperature, was taken up in 0.012 
m sodium deoxycholate. This residue contained less than 5 per 
cent of the phosphate of the original material. - 

Brain lecithin was prepared from calf brain by first extracting 
with acetone and then with ethanol; the ethanol extract was dried 
in a vacuum to give crude lecithin (15). This was purified on 
an alumina column by the method of Hanahan et al. (16). a,B- 
Diglyceride was prepared from the purified brain lecithin by the 
action of lecithinase D from Clostridium perfringens Type A toxin 
(kindly supplied by Dr. W. 8S. Hammond of the Lederle Labora- 
tories) (17). 

p-1-Palmity] ,2-oley! diglyceride was a gift of Dr. Eugene Ken- 
nedy. t-a(Distearoyl)phosphoric acid was a gift of Dr. Eric 
Baer. 

a-Glycerophosphate was obtained from the Eastern Chemical 
Corporation, Newark, New Jersey. Streptococcus faecalis ex- 
tracts containing carbamate kinase were a gift of Dr. Robert 
Metzenberg. The units given are those defined by Metzenberg 
et al. (18). Prostatic acid phosphomonoesterase was a gift of 
Dr. Charles Heidelberger. 


RESULTS 


Labeling of Phospholipides on Incubation of Brain Microsomes 
with Substrate Concentrations of AT P**—When microsomes were 
incubated with substrate levels of ATP, the total lipide extract 
became weakly labeled. Autoradiograms of chromatograms of 
the total lipide extract required exposures of 1 month before 
phosphatide spots could be seen. Phosphatidic acid was the 
major radioactive spot. Another faintly radioactive spot with 
the relative position and staining properties (with Rhodamine G) 
of phosphoinositide could be faintly seen. The incorporation of 
P*® from ATP® into phosphatidic acid was low by comparison 


1R. L. Metzenberg, M. Marshall, and P. P. Cohen, personal 
communication. 
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with the incorporation of P® into this phosphatide under condi. 
tions of oxidative phosphorylation (3). This was probably due 
to the very high ATPase activity present in the microsomes; 
based on measurements of esterified phosphate after 1 hour of 
incubation, less than 1 per cent of the added ATP was still pres. 
ent in the incubation mixture. Addition of NaF inhibited the 
breakdown of ATP somewhat and increased the incorporation of 
P* into phosphatidic acid about 5-fold. 

Incorporation of P® into Phospholipides in Microsomes in Pres. 


ence of ATP*®-generating System—An ATP*-generating system | 


was sought which would provide a steady state level of ATP®, 
A system found to be particularly useful for this purpose was the 
reaction catalyzed by carbamate kinase from S. faecalis in which 
ATP®*® is formed from carbamyl-P® and ADP (12). It has re- 
cently come to our notice that Weiss et al. (19) have used a sim- 
ilar system for the generation of nonradioactive ATP. 

When brain microsomes were incubated with this AT P®-gen- 
erating system, under optimal conditions the incorporation of 
P*® into phosphatidic acid was 10 to 15 times greater than that 
observed with substrate levels of ATP. As in the experiments 
in which substrate concentrations of ATP® were used, the main 
radioactive spot on the chromatograms was phosphatidic acid, 
The faint radioactive spot believed to be phosphoinositide was 
also seen on the autoradiograms. Under these conditions, an 
average of 55 per cent (range, 40 to 68 per cent in 16 experiments) 
of the radioactivity of the total lipides was recovered in the phos- 
phatidic acid spots. 

Increasing the concentration of carbamyl-P® caused an in- 
crease in the incorporation of P® into phosphatidic acid up toa 
near maximal concentration of 0.005 mM; maximal incorporation 
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of P® into phosphatidic acid was observed with an ADP concen- 


tration of 0.0002 m. 

Phosphatidic acid was formed in the mitochondrial fraction at 
a rate which was about one-third to one-sixth as great as that 
in the microsomal fraction. However, the quantity of total phos- 
pholipide phosphorus was less by a similar factor, which suggests 
that on the basis of their lipide content, the two fractions have 
approximately equal capacity to synthesize phosphatidic acid 
from ATP®, 

Effect of Adding Deoxycholate to Microsomes—Addition of de- 
oxycholate to the microsome suspensions had marked effects on 
the synthesis of phosphatidic acid. At concentrations between 
5.8 10-5 mM and 3 X M there was consistently about a 30 
per cent inhibition of P® incorporation into phosphatidic acid. 
Between 4 X 10-4 mM and 2.2 xX 10°% M the incorporation was 
greatly stimulated. At 3.6 * 10° m the activation peak had 
been passed and at 5.4 X 10-° m the incorporation was 50 per 
cent less than the control (Fig. 1). 

In routine experiments in which deoxycholate-treated micro- 
somes were used, the final concentration of deoxycholate in the 
incubation mixture was 2.7 < 10-3 mM, which is near the peak of 
the activation curve. The activation seems to be somewhat 
specific for phosphatidic acid synthesis, since under these con- 
ditions an average of 75 per cent (range, 64 to 82 per cent in six 
experiments) of the radioactivity in the total lipides was recov- 
ered in the phosphatidic acid spots as compared with 55 per cent 
in the untreated microsomes. 

In contrast to the activation of phosphatidic acid synthesis, 
deoxycholate inhibited the incorporation of P*® into phospho- 
inositide. 

Substrates for Phosphatidic Acid Synthesis—When an aqueous | 
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solution of cabbage phosphatidic acid was added to intact micro- 
somes, there was no increased incorporation of P® into phospha- 
tidic acid. However, in the presence of even very low concen- 
trations of deoxycholate (2.9 x 10-* m), addition of cabbage 
phosphatidic acid increased the incorporation of P® into the 
microsomal suspensions (Table I). Kennedy and Weiss (20) 
found that suspensions of lipides which were suspected of being 
precursors of a diglyceride moiety for lecithin synthesis were 


without consistent effect in particulate fractions of liver until 


; thesis from ATP* in brain microsomal suspensions. 


surface active agents such as bile salts, digitonin, or Tween 20 
were added to the suspensions. | 

When microsomes treated with 2.7  10-* m deoxycholate were 
centrifuged at 105,000 x g for 30 minutes, the incorporation of 
p® into phosphatidic acid in the supernatant fluid (soluble ex- 
tract) in the absence of added substrate was about 30 per cent 
of the incorporation in the uncentrifuged deoxycholate-treated 
suspensions. This was due to a more limiting concentration of 
substrate in the extract, since in the presence of 0.002 m cabbage 
phosphatidic acid, the incorporation of P® into phosphatidic acid 
in the soluble extracts was greatly increased and was about the 
same as in the uncentrifuged, treated microsomes (Table I). 
These results indicate that the enzymes for phosphatidic acid 
synthesis can be solubilized by deoxycholate treatment under 
these conditions. 

By far the most effective substrate for phosphatidic acid syn- 
thesis in the soluble extracts was found to be diglyceride prepared 
from cabbage phosphatidic acid. The optimal concentration of 
this diglyceride was about 0.002 m (Fig. 2). At this concentra- 
tion there was more than a 50-fold increase in the amount of 


phosphatidic acid synthesized as compared with the control. 


The stimulatory effect of diglyceride on phosphatidic acid syn- 
thesis was not due to hydrolysis to free fatty acids, since a mix- 
ture of free fatty acids in the approximate proportions found in 
cabbage phosphatidic acid (14), plus glycerol, was less than one- 
thirtieth as effective as an equivalent amount of diglyceride, al- 
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DEOXYCHOLATE (M. CONCENTRATION x 10-9) 
Fic. 1. The effect of deoxycholate on phosphatidic acid syn- 
Aliquots 
(0.2 ml.) of the microsomal suspensions were added to 0.2-ml. 
aliquots of an incubation mixture to give the following concen- 
trations in the final medium: 0.1 M sucrose; 0.1 M sodium glycyl- 
glycine, pH 6.5; 0.002 m MgSO,; 0.0005 m ADP; 0.004 m lithium 
carbamyl-P*2; carbamate kinase, 0.3 units per ml.; and sodium 
deoxycholate as indicated. Incubations were carried out for 1 
hour at 37° with shaking. The amount of P*?-labeled phosphatidic 
acid is that obtained from an aliquot which represented one- 


fifteenth of the total microsomal yield from the cerebral hemi- 


spheres of one guinea pig. 


M. R. Hokin and L. E. Hokin 


az in phosphatidic acid synthesis. 
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TaB_e [ 

Effect of cabbage phosphatidic acid on synthesis of phosphatidic 
acid in intact brain microsomes, deoxycholate-treated 
microsomes, and soluble extracts 

Conditions of incubation were as in Fig. 1, except that ammo- 
nium carbamy1-P* was used. 


Other additions 
Enzyme preparation | Cabbage P os 
Deoxycholate ‘phosphatidic 
| acid 
M M mumoles 
Experiment 1 
Microsomes.......... 0.07 
Microsomes.......... 0.0006 0.069 
Experiment 2 
Microsomes.......... 0.12 
Microsomes.......... 2.9 X 10-4 0.09 
Microsomes.......... 2.9K 0.0005 1.10 
Microsomes.......... 2.9 10-*' 0.002 1.53 
Experiment 3 
Microsomes.......... 2.7 X 10-3 0.72 
Microsomes.......... 2.7 X 1073) 0.002 4.00 
Soluble extract....... 2.7 X 1073 0.27 
Soluble extract....... 2.7 X 10-3) 0.002 4.00 
15 
fa) 
uJ 
O2 
uw 
+O 
w= Sr 
T 
6) 0.00! 0.002 0.003 0.004 


DIGLYCERIDE (M. CONCENTRATION) 


Fic. 2. Phosphatidie acid synthesis in soluble extracts of de- 
oxycholate-treated brain microsomes in the presence of increasing 
concentrations of diglyceride from cabbage phosphatidic acid. 
Aliquots (0.1 ml.) of a soluble extract were added to 0.1-ml. ali- 
quots of an incubation mixture to give the following concentra- 
tions in the final medium: 0.05 m sucrose; 0.0027 mM sodium de- 
oxycholate; 0.1 M potassium glycylglycine, pH 6.5; 0.002 m MgSO,; 
0.0005 m ADP; 0.004 m lithium carbamyl-P*; carbamate kinase, 
0.3 units per ml.; and diglyceride from cabbage phosphatidic acid 
as indicated. Incubations were carried out for 1 hour at 37° with 
shaking. The amount of P%?-labeled phosphatidic acid is that ob- 
tained from an aliquot which represented one-fifteenth of the total 
yield of soluble extract from the microsomes of the cerebral hemi- 
spheres of one guinea pig. 


though the mixture gave some increase in synthesis. The stim- 
ulatory effect of cabbage phosphatidic acid is presumably due to 
an enzyme which can remove phosphate from cabbage phospha- 
tidic acid (see below) providing diglyceride substrate. Optimal 
amounts of cabbage phosphatidic acid were not nearly as effective 
as a substrate as were optimal amounts of diglyceride. 
Diglyceride prepared from brain lecithin gave a 3-fold increase 
1-Palmityl ,2-oleyl diglyceride 
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TaBLeE II 


Substrates for phosphatidic acid synthesis in soluble ertracts 
of deoxycholate-treated brain microsomes 


The fatty acids were added as the sodium salts. The final con- 
centration of diglyceride and phosphatidic acid substrates was 
0.002 m; the final concentration of fatty acids was 0.004 M except 
where otherwise indicated. Glycerol (0.002 m) was added with 
the fatty acids. Other conditions of incubation were as in Fig. 2. 


Phosphatidic acid 


Substrate added synthesized 


mumoles 


Undialyzed soluble extract 
Diglyceride from cabbage phosphatidic acid. 9.80 
Mixture of 0.0028 m linoleic acid + 0.0004 m 

linolenic acid + 0.0004 mM palmitic acid + 


Cabbage phosphatidic acid.................. 3.17 
Diglyceride from brain lecithin.............. 0.65 
1-Palmityl, 2-oleyl diglyceride............... 0.28 
Mixture of 0.002 m palmitic acid + 0.002 m 

L-a (Distearoyl) phosphatidic acid........... 0.18 

Dialyzed soluble extract 
Diglyceride from cabbage phosphatidic acid. 3.34 


| TaB_e III 
Factors required for phosphatidic acid synthesis in soluble extracts 


A dialyzed soluble extract was used. The complete system was 
as described in Fig. 2, with the addition of 0.002 m diglyceride 
from cabbage phosphatidic acid to all vessels, except as indicated. 


Omissions from complete system Phosphatidic acid synthesized 


| mmoles 
Carbamate kinase............ 0.072 
Soluble brain microsomal extract. 0.04 


gave a very slight increase in phosphatidic acid synthesis in this 
system; however, an equivalent mixture of palmitic and oleic 
acids, plus glycerol, gave a greater increase. L-a(Distearoy]l)- 
phosphatidic acid did not give any increase in phosphatidic acid 
synthesis; equivalent amounts of stearic acid plus glycerol gave 
a very small increase in phosphatidic acid synthesis. These re- 
sults are all illustrated in Table IT. 

In the absence of added substrate, an average of 52 per cent 
(range, 30 to 76 per cent in 10 experiments) of the radioactivity 
of the total lipide fraction from the soluble extracts was recovered 
in the phosphatidic acid spot on the chromatograms. After in- 
cubation with diglyceride from cabbage phosphatidic acid, an 
average of 80 per cent (range, 67 to 94 per cent in eight experi- 
ments) of the radioactivity of the total lipide fraction was re- 
covered in the phosphatidic acid spot. When allowance is made 
for loss of phosphatidic acid on chromatography (21), this in- 
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dicates that the added substrate did not appreciably increase the 
incorporation of P® into lipides other than phosphatidic acid 
under these conditions. 

The phosphatidic acid spot increased in size and intensity when 
increasing amounts of cabbage phosphatidic acid were added to 
the incubation system. The radioactive spot on the autoradio- 
grams coincided exactly with the stained spot which was seen 
with larger amounts of cabbage phosphatidic acid, indicating 
that the substrate was being specifically converted to P*-labeled 
phosphatidic acid. 


Factors Required for Phosphatidic Acid Synthesis in Soluble 


Extracts—The factors required for the ATP®-generating system 
are carbamyl-P”, ADP, carbamate kinase, and magnesium ions; 
in addition, NaF is necessary to prevent rapid hydrolysis of the 
ATP® formed. The complete system for phosphatidic acid syn- 
thesis in the dialyzed soluble fractions of deoxycholate-treated 


brain microsomes consisted of these factors plus appropriate di- — 


glyceride. Omission of any one of these factors reduced to a 
very low level the incorporation of P® into phosphatidic acid 
(Table ITI). 

The maximal concentration of ADP in this system was about 
0.0002 m (Table IV). Addition of CDP, UDP, or GDP did not 
give any increase in the amount of phosphatidic acid synthesized; 


there was some inhibition of P® incorporation into phosphatidic — 


acid in the presence of GDP (Table IV). 


Incorporation of Glycero-P® into Phosphatidic Acid in Brain | 


Microsomes and Soluble Extracts—When soluble extracts of de- 
oxycholate-treated brain microsomes were incubated with a non- 
radioactive ATP-generating system and a-glycero-P*, the 
amount of phosphatidic acid synthesized from glycero-P® was 
less than one three-hundredth of that formed from ATP®* in the 
absence of added substrate, and less than .0005 of that formed 
from ATP®*® in the presence of cabbage phosphatidic acid (Table 
V). The addition of a-glycerophosphate did not appreciably 
affect the incorporation into phosphatidic acid of P® from ATP# 
either in the absence or presence of added substrate. These re- 
sults indicate that the mechanism for the synthesis of phospha- 


TABLE IV 


Effect of nucleoside diphosphates on phosphatidic acid 
synthesis in soluble extracts 


Conditions of incubation were as described in Fig. 2, except | 


that 0.002 m diglyceride from cabbage phosphatidic acid was added 
to all the vessels, and ADP was added as indicated. 


ADP added Other additions 
M mmoles 
Experiment 1 
0.23 
0.000025............ | 3.60 
6.55 
| 7.45 
Experiment 2 | 
UDP (0.00012 m) 4.02 
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tidic acid found in liver by Kornberg and Pricer (4) in which 
glycerophosphate is acylated by fatty acid-CoA thiol esters, could 
be only a very minor pathway of phosphatidic acid synthesis in 
soluble extracts of deoxycholate-treated brain microsomes under 
the conditions used here. 

Phosphatidic Acid Phosphatase in Soluble Extracts—When cab- 
bage phosphatidic acid was added to soluble extracts of deoxy- 
cholate-treated brain microsomes, orthophosphate was liberated 
(Table VI). The extracts showed some specificity toward cab- 
bage phosphatidic acid; distearoyl phosphatidic acid was only 
feebly hydrolyzed. a-Glycerophosphate was hydrolyzed about 
one half as effectively as cabbage phosphatidic acid, indicating 
that the liberation of orthophosphate from cabbage phosphatidic 
acid could not proceed entirely via a-glycerophosphate as an 
intermediate. $-Glycerophosphate was hydrolyzed more slowly 
than a-glycerophosphate (Table VI). 

The activity of the cabbage phosphatidic acid phosphatase was 
increased about 100 per cent upon addition of magnesium ions. 
However, there was no absolute requirement for magnesium ions. 
Smith et al. (22) have described an enzyme present in particulate 
material from rat heart, kidney, brain, liver, and skeletal muscle, 
and from chicken liver, which catalyzes the liberation of ortho- 
phosphate from phosphatidic acid prepared from egg lecithin; 
this enzyme was inhibited by magnesium ions. 

A concentration of cabbage phosphatidic acid of 0.001 m was 
a near maximal concentration for the activity of phosphatidic 
acid phosphatase. The activity was inhibited about 80 per cent 
in the presence of 1.5 X 10-3 m p-chloromercuribenzoate; this 
indicates that the enzyme probably has active sulfhydryl groups 
(Table VI). 

The activity of phosphatidic acid phosphatase provided di- 
glyceride from cabbage phosphatidic acid for phosphatidic acid 
synthesis in soluble extracts in the presence of the ATP®-gen- 
erating system. In addition to this, part of the increase in radio- 
activity of phosphatidic acid after incubation with cabbage phos- 
phatidie acid was due to a dilution effect of the added carrier on 


TABLE V 


Comparison of incorporation of glycero-P® and ATP* 
into phosphatidic acid in soluble extracts 


Conditions of incubation were as in Fig. 2, except that ammo- 
nium carbamy1!-P* was used for generating ATP*, and ammonium 
carbamyl-P was used for generating ATP in those vessels which 
contained a-glycero-P**. Unless otherwise indicated, each sub- 
strate was added to give a final concentration of 0.002 m. 


P-labeled phosphatidic acid 


Other additions 


a-Glycero-P® ATP# 
m pmoles | mysmoles 
Cabbage phosphatidic acid... 0.0029 | 6.20 
Cabbage phosphatidic acid + | | 
| 5.05 
Linoleic acid + linolenic acid. 0.0012 1.89 
Linoleic acid + linolenic acid + 
Linoleic acid + linolenic acid + 
a-Glycero-P.......... 0.72 
a-Glycero-P (0.005 mM)... | 0.66 
a-Glyeero-P (0.01 0.75 
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TABLeE VI 


Phosphatidic acid phosphatase activity in soluble extracts 
of deorycholate-treated brain microsomes 


Aliquots (0.2 ml.) of a soluble extract were added to 0.2 ml. of 
0.4 M potassium glyeylglycine, pH 6.5. Incubations were carried 
out for 1 hour at 37° with shaking. The amount of orthophos- 
phate liberated is that obtained from an aliquot which represented 
one fifteenth of the total vield of soluble extract from the micro- 
somes of the cerebral hemispheres of one guinea pig. Incuba- 
tions and estimations were carried out in duplicate. All figures 
are corrected for the amount of orthophosphate liberated when 
enzyme and substrate were incubated in separate vessels. With 
the exception of L-a(distearoyl)phosphatidic acid, a negligible 
amount of orthophosphate was found after incubation of the sub- 
strates without enzyme. The amount of orthophosphate found 
after incubation of the enzyme preparation without substrate was 
about 100 mumoles in the undialvzed preparations and about 20 
mumoles after dialysis. 


Ortho- 
Substrate* Other conditions phosphate 
liberated 
myamoles 
Undialyzed enzyme preparation 
Cabbage phosphatidic acid..... Mg** omitted 95 
Cabbage phosphatidie acid... MgSO,t added 167 
L-a(Distearoyl)phosphatidie | 
Dialyzed enzyme preparation | 
Cabbage phosphatidic acid. . | Mg** omitted 8S 
Cabbage phosphatidic acid .... MgSO t added 133 
Cabbage phosphatidie acid... MgSO,t added 32 
+ CMBt | 
Cabbage phosphatidic acid .. MgCl.t added 146 
Cabbage phosphatidic  aci 
(420 mumoles)............... MgCl.t added 


* All 840 mumoles per vessel (0.002 M), except as otherwise 
indicated. 

Final concentration, 0.002 

t p-Chloromercuribenzoate, 1.5 K 10°35 M. 


the hydrolysis of the newly formed P-labeled phosphatidic aeid. 
As compared with extracts which had been incubated with 0.0004 
M diglyceride (which is the maximal amount which might be ex- 
pected to be formed from 0.002 m cabbage phosphatidic acid, 
Table VI), an average of 150 per cent more P®-labeled phospha- 
tidic acid was recovered from the extracts which had been incu- 
bated with 0.002 m cabbage phosphatidic acid. This action as 
a carrier diluent can explain the observation that, when the phos- 
phatidic acid was formed from a-glycerophosphate, the addition 
of cabbage phosphatidic acid increased the amount of P®-labeled 
phosphatidie acid recovered by about 60 per cent (Table V). 
In the presence of optimal amounts of diglyceride, cabbage phos- 
phatidic acid produced some inhibition of phosphatidic acid 
synthesis. 


DISCUSSION 


Diglyceride and ATP appear to be the only substrates required 
for the synthesis of phosphatidic acid in soluble dialyzed extracts 
of deoxycholate-treated brain microsomes. This would suggest 
the following reaction for the synthesis of phosphatidic acid under 
these conditions: 


en 
to 
O- | 
ng 
m 
8; 
e 
n- 
d | 
a 
id 
ot | 
d; | 
ic 
e- 
l- 
| 
e | 
d 
le 
iV 


1386 


diglyceride kinase 


Diglyceride + ATP 
phosphatidic acid + ADP 


Since magnesium ions are required for the ATP*-generating 
system used here, it was not possible to test whether divalent 
ions are a requirement for the diglyceride kinase system. 

It has been shown elsewhere that brain phosphatidic acid is 
chromatographically indistinguishable from cabbage phospha- 
tidic acid; it is chromatographically distinguishable from dis- 
tearoyl phosphatidic acid but becomes indistinguishable after 
hydrogenation (21). That both brain phosphatidic acid phos- 
phatase and brain diglyceride kinase show the greatest activity 
towards cabbage phosphatidic acid or the diglyceride from it is 
further evidence that one or more of the diglycerides of cabbage 
phosphatidic acid must be closely related to the diglycerides of 
brain phosphatidic acid, more closely related, in fact, than are 
the diglycerides from brain lecithin. 


SUMMARY 


Phosphatidic acid is synthesized from diglyceride and adeno- 
sine triphosphate-P® in soluble extracts of deoxycholate-treated 


Diglyceride Kinase 


Vol. 234, No. 6 


brain microsomes. The most effective substrate is diglyceride 
from cabbage phosphatidic acid; diglyceride from brain lecithin, 
and 1-palmityl,2-oleyl diglyceride are much less effective. Glyc- 
erophosphate is not an intermediate in this reaction. Diglyc- 
eride kinase activity is present in the intact microsomes, but 
added substrate is not utilized unless surface-active agents such 
as deoxycholate are added. The synthesis of phosphatidic acid 
by this pathway in brain microsomes is greatly increased after 
treatment of the microsomes with suitable concentrations of 
deoxycholate; however, very low and very high concentrations of 
deoxycholate inhibit the svnthesis. 

The soluble extracts of deoxycholate-treated microsomes also 
contain an enzyme which catalyzes the liberation of orthophos- 
phate from cabbage phosphatidic acid. Addition of magnesium 
ions increases the activity of this phosphatase. The combined 
action of the phosphatidic acid phosphatase and the diglyceride 
kinase in these extracts catalyzes the exchange of phosphate in 
cabbage phosphatidic acid. 


Acknowledgment—The technical assistance of Mrs. Gail Stub- 
blefield is gratefully acknowledged. 
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in Response to Acetylcholine* 
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Acetylcholine stimulates the exchange of phosphate in phos- 
phatidic acid in guinea pig brain cortex slices (1) and in cyto- 
plasmic particulate fractions of brain which are undergoing oxi- 
dative phosphorylation (2). In this paper the reactions involved 
in the acetylcholine effect in brain microsomal preparations have 
been investigated. The data presented here indicate that in 
brain microsomes phosphatidic acid may be formed either from 
a-glycerophosphate by the Kornberg and Pricer mechanism (3) 
or from adenosine triphosphate and diglyceride (4). Acetyl]- 
choline does not increase the formation of phosphatidic acid from 
a-glycerophosphate; it does increase the formation of phospha- 
tidic acid from ATP. Atropine blocks the acetylcholine effect. 
The effect does not occur after the microsomes have been frozen, 
or under conditions of hypotonicity, or after treatment with de- 
oxycholate. The ability to respond to acetylcholine appears 
therefore to be dependent on the structural integrity of the mem- 
branous fragments of the microsomal preparations. 

The turnover of phosphatidic acid and phosphoinositide in 
glands is associated with secretory activity (5-8). The possible 
significance of the exchange of phosphate in phosphatidic acid, 
catalyzed by diglyceride kinase and phosphatidic acid phospha- 


~ tase, in the secretory process is briefly discussed. 


EXPERIMENTAL 


The methods and materials used have been described elsewhere 
(2,4). Microsomes from the cerebral hemispheres of one guinea 
pig were suspended in from 4.0 to 4.5 ml. of 0.25 M sucrose, ex- 


- cept as otherwise indicated; 0.2-ml. aliquots were incubated 


- with an equal volume of the incubation mixture. Duplicate 


_ incubations were always carried out, and the figures given in 
the tables are the averages of these duplicates. 


RESULTS 


| Incorporation of a-Glycero-P® into Phospholipides in Brain 
Microsomes—Two pathways for phosphatidic acid synthesis in 
brain preparations have been described. In one of these, phos- 
phatidie acid is formed from a-glycerophosphate and CoA thiol 
esters of fatty acids (9); in the other pathway phosphatidic acid 
is formed from ATP and diglycerides (4). Under the conditions 
used here, the amount of phosphatidic acid formed from a-glyc- 
ero-P®2 was less than that formed from ATP®; the average for- 


* This investigation was supported by research grants from the 
_ National Institute of Neurological Diseases and Blindness of the 
- National Institutes of Health (No. B-1730), the United Cerebral 
_ Palsy Research and Educational Foundation (No. R47-S58C, ae), 
_ Eli Lilly and Company, and the Wisconsin Alumni Research Foun- 
dation. 
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mation from a-glycero-P® was 41 per cent (range, 7 to 64 per 
cent in five experiments) of that from ATP®. The formation 
of phosphatidic acid from ATP® was not via a-glycero-P”, since 
addition of nonradioactive a-glycerophosphate did not reduce 
the incorporation of P* into phosphatidic acid when the micro- 
somes were incubated with the ATP-generating system. In 
fact, in the presence of a-glycerophosphate, the incorporation 
into phosphatidic acid of P* from ATP was increased an average 
26 per cent (range, 13 to 36 per cent in three experiments). 
Neither 8-glycerophosphate nor glycerol gave this effect. The 
simplest explanation for this effect would be that a-glycerophos- 
phate provided substrate for the formation of phosphatidic acid 
by the first mechanism, and that this material, by the action of 
phosphatidic acid phosphatase, could provide diglyceride sub- 
strate for the synthesis of phosphatidic acid by the second mech- 
anism. 

With glycero-P® as the precursor, the radioactivity recovered 
in the phosphatidic acid spot on the chromatograms accounted 
for an average of only 22 per cent (range, 17 to 27 per cent in 
five experiments) of the total radioactivity of the lipide fractions 
as compared with an average of 47 per cent (range, 32 to 61 per 
cent) recovery as phosphatidic acid in the same preparations 
when ATP® was the radioactive precursor. This suggested that 
the P® of a-glycero-P® was being more effectively incorporated 
into phosphatides other than phosphatidic acid than was the P® 
from ATP”, Autoradiograms of chromatograms of these lipides 
on Schleicher and Schuell No. 2045B chromatography paper de- 
veloped in Solvent A of Beiss and Armbruster (10) showed in 
each case a phosphatidic acid spot (Rr = 0.9); this was the most 
intense spot. A radioactive spot with an Rp of about 0.05 was 
also seen when either ATP® or a-glycero-P® was the radioactive 
precursor. There was a spot with the chromatographic prop- 
erties of phosphoinositide (Re = 0.3) which incorporated much 
more P® from a-glycero-P® than from ATP. Kennedy has 
recently found an active incorporation of a-glycero-P® into phos- 
phoinositide in microsomes from liver.! 

Enzymatic Mechanisms Concerned in Response to Acetylcholine 
—When washed microsomes were incubated with the AT P®-gen- 
erating system, acetylcholine stimulated the incorporation of P* 
into phosphatidic acid; the average stimulation was 37 per cent 
(range, —3 to 89 per cent in 37 experiments). In these experi- 
ments ADP was added to the incubation mixture; it was found 
later (see below) that greater stimulations could be obtained if 
ADP was omitted from the mixture. The incorporation of P® 
from a-giycero-P® was not stimulated by acetylcholine; the aver- 
age difference between the acetylcholine-treated microsomes and 


1k. P. Kennedy, personal communication. 
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TABLE I[ 


Effect of acetylcholine on incorporation of ATP? and a-glycero-P* 
into phosphatidic acid in brain microsomes 

Brain microsomes were incubated for 1 hour at 37° with shaking 
in the presence of 0.12 M sucrose; 0.1 Mm glycylglycine, pH 6.5; 
0.002 mM MgSO,, 0.0005 m ADP; carbamate kinase (0.3 units per 
ml.); and other additions as indicated. The ammonium salts of 
carbamy! phosphate and carbamyl-P*? were used. Final con- 
centrations of carbamy! phosphate and glycerophosphate were 
each 0.004 m. 


| Radioactivity of phosphatidic 
| acid* 
Other additions | 
With Per cent 
| Control ACht 
ATP# 1640 2300 40 
Carbamyl-P#? + a- | 
glvcerophosphate..| ATP* | 2100 3060 47 
Carbamyl phosphate | 
+ a-glycero-P®....| a-glycero-P®2 1030 1030 0 
| | 


* Expressed as counts per minute of the phosphatidic acid from 
the total microsome fraction from the cerebral hemispheres of one 
guinea pig, corrected to a specific activity of 5 K 10° ¢.p.m. per 
pmole of carbamyl-P® or glycero-P*. 

7 Acetylcholine (10-4 m) + eserine (1074 om). 


TABLE II 
Effect of atropine on response of brain microsomes to acetylcholine 


Brain microsomes were incubated as in Table I, except that 
0.004 m lithium carbamy!-P*? was added to all vessels. 


Radioactivity of phosphatidic acid* 


Other additions 


Control | With ACK | 
13,400 19,900 | 48 
Atropine m)........; 13,800 | 12,700 | 
Atropine (10-°m)......... 12,300 11,100 | 


* As in Table I. 


the controls was 5 per cent (range, 0 to 15 per cent in four experi- 
ments). In the same four experiments the average stimulation 
by acetylcholine of phosphatidic acid formation from the P® of 
ATP was 40 per cent (range, 22 to 61 per cent). Addition of 
nonradioactive a-glycerophosphate did not reduce the stimula- 
tion by acetylcholine of P® incorporation from ATP*. <A repre- 
sentative experiment is illustrated in Table I. 

The results indicate that the formation of phosphatidic acid 
from a-glycerophosphate is not concerned in the response to 
acetylcholine. This response involves the formation of phos- 
phatidie acid from ATP, presumably by phosphorylation of di- 
glyceride according to the reaction described in the previous 
paper (4). It was not possible to demonstrate the direct partici- 
pation of diglyceride in the response to acetylcholine in intact 
microsomes; the addition of deoxycholate was required to dem- 
onstrate an effect of lipoid substrates (4) and in these concentra- 
tions deoxycholate prevented the acetylcholine effect (see below). 

Effect of Atropine on Response to Acetylcholine—Atropine, which 
is a highly specific pharmacological antagonist of acetylcholine, 
has previously been shown to block the acetylcholine stimulation 
of phospholipide turnover in brain cortex slices (1) and in cyto- 


Reactions Involved in Response to Acetylcholine 
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TABLE III 
Effect of ADP and cytidine nucleoside phosphates 
on response to acetylcholine 
Brain microsomes were incubated as in Table I except that 
lithium carbamyl-P*? was added to all vessels and ADP was added 
as indicated. No ADP was added in Experiment 2. 


Radioactivity of phosphatidic acid* 


Other additions 


| 
| | 
| | With acne | _ cent 


Control 


stimulation 

Experiment 1 

ADP (0.00025 m)....... 4,540 5,870 30 

ADP (0.0005 Mm)... 5,060 6,000 18 

ADP (0.001 m)......... 4,970 5,030 
Experiment 2 

17 ,000 26 , 200 54 

CMP (0.0005 16,100 25 , 200 57 

CDP (0.0005 M)........ 17 ,600 25 , 600 45 

CTP (0.0005 Mm)........ | 15,400 22,800 49 


* As in Table I. 


plasmic particulate fractions of brain which are undergoing oxi- 
dative phosphorylation (2). In the intact microsomal fraction 
incubated with the ATP®-generating system, 10-* m atropine 
completely blocked the stimulation of P® incorporation into 
phosphatidic acid brought about by 10-4 m acetylcholine (Table 
II). Atropine had no effect on the increased incorporation of P® 
into phosphatidic acid brought about by suitable concentrations 
of deoxycholate. 

Effect of Nucleotides on Response to Acetylcholine—The forma- 
tion of phosphatidic acid in deoxycholate extracts of brain mi- 
crosomes incubated with carbamyl phosphate and carbamyl 
phosphate kinase is highly dependent on the addition of low con- 
centrations of ADP for the generation of ATP (4). In intact mi- 
crosomes, this dependence was not as great; the addition of 
0.00025 m ADP slightly more than doubled the formation of P®- 
labeled phosphatidic acid (Table III). Higher concentrations of 
ADP led to no further increase in the formation of phosphatidic 
acid. Addition of ADP markedly inhibited the stimulation by 
acetylcholine of phosphatidic acid formation (Table III). In 
the absence of added ADP, the average stimulation by acetyl- 
choline was 68 per cent (range, 60 to 79 per cent in three experi- 
ments). 

The addition of CMP, CDP, or CTP had no influence on either 
the synthesis of phosphatidic acid from ATP® or on the stimu- 
lation of this synthesis by acetylcholine (Table IIT). 

Dependence of Acetylcholine Effect on Structural Integrity of 
Membranous Components in Microsome Fraction—Addition of 
10-4 m acetylcholine to deoxycholate extracts of microsomes had 
no effect on either the formation of phosphatidic acid from ATP 
and added diglyceride or on the hydrolysis of added cabbage phos- 
phatidie acid by cabbage phosphatidic acid phosphatase. This 
indicates that acetylcholine does not stimulate the exchange of 
phosphate in phosphatidic acid by direct activation of either 
diglyceride kinase or phosphatidic acid phosphatase. 

Suspension of the microsomes in water or in hypotonic buffered 
sucrose solutions led to an increase in the formation of phospha- 
tidic acid from ATP®; there was no stimulation by acetylcholine 
under these conditions. Freezing of the microsomes also led to 
an increase in the formation of phosphatidic acid and again there 
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was no stimulation by acetylcholine (Table IV). Previous 
studies showed that concentrations of deoxycholate within the 
range of 6 X 10-§m to 3 X 10‘ Mo inhibited the formation of 
phosphatidic acid from ATP®, whereas concentrations within 
the range of 4.4 < 10-* m to 3.6 X 10-3 m stimulated phospha- 
tidic acid formation (4). In the presence of concentrations of 
deoxycholate in either of these ranges there was no effect of 
acetylcholine on phosphatidic acid formation (Table IV). The 
fact that responsiveness to acetylcholine was lost under each of 
these conditions indicates that the acetylcholine effect is depend- 
ent on the intact structure of a component of the microsome frac- 


tion. 


DISCUSSION 


The acetylcholine-stimulated exchange of phosphate in phos- 
phatidic acid in brain microsomal preparations appears to be 
brought about by the combined action of diglyceride kinase and 
phosphatidic acid phosphatase. The fact that these enzymes 
are present in the deoxycholate-soluble material of the micro- 
some fraction suggests that the reactions concerned in the in- 


_ creased exchange of phosphate in phosphatidic acid take place 


in the membranous material of the fraction. Cytological evi- 


_ dence indicates that it is the membranous fragments in the mi- 


crosome fraction which are dissolved by deoxycholate (11, 12). 
The major stimulation of phospholipide turnover in intact pan- 
creas cells which are secreting in response to acetylcholine also 
takes place in the deoxycholate-soluble material of the micro- 


some fraction.? 


Since modification of the structure of the membranous frag- 
ments under various conditions abolished the acetylcholine effect 
and enhanced the exchange of phosphate in phosphatidic acid, 
the results suggest that acetylcholine might itself act by bringing 
about some structural modification. The most obvious type of 
modification would be one in which more diglyceride were made 
available to the diglyceride kinase; this enzyme has a potential 
activity (realized in deoxycholate extracts in the presence of 
added substrate) which is much greater than the activity ob- 
served in the intact microsomes (4). However, several other 
types of modification are possible. Since the concentration of 


_ acetylcholine required to stimulate the exchange of phosphate in 


phosphatidic acid in brain microsomes can be as low as 10-* m 
(2), any structural modification must be highly specific; from 
the actions of acetylcholine in intact cells, it would also be ex- 
pected to be reversible. 

The stimulation of the exchange of phosphate in phosphatidic 
acid and of inositol and phosphate in phosphoinositide in glands 
is associated with the transport of secretory products out of the 
cell (6-8). The enzymatic reactions found in the present studies 
to be concerned in the response to acetylcholine suggest a tenta- 
tive scheme whereby hydrophilic secretory materials can pass 
through the lipoid membrane of cell. The details of this scheme 
are discussed elsewhere (13).2 Essentially, phosphatidic acid 
would participate in a carrier mechanism (Fig. 1). It would be 
formed at the inner surface of the membrane by the diglyceride 
kinase reaction. It would form lipophilic complexes with the 


_ hydrophilic secretory materials, which would enter the lipoid phase 


| 


of the membrane. The complexes would diffuse across the mem- 
brane to its outer surface, where phosphatidic acid phosphatase 


>C. M. Redman and L. Fk. Hokin, manuscript in preparation. 
‘LL. E. Hokin and M. R. Hokin, Jnternational review of neuro- 
hiologu, Vol. IT, manuscript in preparation. 
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TABLE IV 
Effects of hypotonicity, freezing, and deorycholate on response 
of brain microsomes to acetylcholine 
Brain microsomes were treated as indicated. Incubations were 
carried out as in Table I except that carbamyl-P®? was added to 
all vessels. 


Radioactivity of phos- 
phatidic acid* 
Effect studied Treatment 
Percent 
Control 
Experiment 1 
Hypotonicity | None 6,550, 12,300 
Microsomes suspended | 9,220 8, 660 —7 
in water instead of 
0.25 M sucrose 
Experiment 2 
Hypotonicity | None 7,040; 9,290 32 
Microsomes suspended | 12,600) 12,100' —4 
in 0.125 M sucrose with 
0.04 m glycylglycine, 
pH 6.6 
Experiment 3 
Freezing None 10,200 13,250, 32 
Microsomes in 0.25 Msu- | 13,500) 12,500 —7 
crose frozen by dip- 
ping in a mixture of 
Dry Ice and ethanol, 
then thawed at 4° 
Experiment 4 
Deoxycholate | None 9,860, 14,800 50 
Sodium deoxycholate 5,660 5,440 —4 
(2.9 X 10-4 Mm) added 
to the incubation mix- 
ture 
Sodium deoxycholate 18,500 17,500 —6 
(7.3 1074 added 
to the incubation mix- 
ture 
* As in Table I. 
INTRACELLULAR MEMBRANE EXTRACELLULAR 
COMPARTMENT COMPARTMENT 
WATER SOLUBLE LIPOID SOLUBLE WATER SOLUBLE 
NATP 
mn ADP MPA X+ ortho-P 
x 
\ 
DIFFUSION 
X—mPA X- NPA 
| 


Fic. 1. A scheme for the participation of phosphatidic acid in 
the transport of hydrophilic secretory materials across lipoid 
membranes. DG = diglyceride, DG-kinase = diglyceride kinase, 
PA = phosphatidic acid, PA-Pase = phosphatidic acid phospha- 
tase, X = secretory material, X-PA = lipophilic complex be- 
tween the secretory material and phosphatidic acid, n = number 
of molecules participating (this may be one, or more than one). 
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would cleave the phosphate from phosphatidic acid. The hy- 
drophilic secretory material and phosphate would pass into the 
aqueous phase, and diglyceride would remain inside the lipoid 
membrane and diffuse to its inner surface, where the carrier cycle 
would be repeated. Phosphoinositides would be expected to 
participate in secretion in an analogous fashion. It is obvious 
that the secretion of lipophilic substances would not require such 
a mechanism, and in this connection it is of interest that the 
stimulation of corticosteroid secretion (2) in adrenal glands is 
the only exception so far found to the general observation of an 
increased exchange of phosphate in phosphatides associated 
with stimulation of secretion. 


SUMMARY 


In brain microsomes phosphatidic acid can be formed either 
from a-glycerophosphate or from adenosine triphosphate by two 


Reactions Involved in Response to Acetylcholine 


independent reactions. The formation of phosphatidic acid 
from a-glycerophosphate is not stimulated by acetylcholine. 
The formation of phosphatidic acid from adenosine triphosphate, 
presumably by the action of diglyceride kinase, is stimulated by 
acetylcholine. The stimulation is blocked by very low concen- 
trations of atropine. The acetylcholine effect is dependent on 
microsomal structure; the ability to respond is lost after freezing, 
under conditions of hypotonicity, or in the presence of deoxy- 
cholate. The possible significance of the acetylcholine-stimu- 
lated reactions in secretion across lipoid membranes is briefly 
discussed. 
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from wet gonococcus cells. 
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Endotoxins, generally produced by gram-negative bacteria, 
are responsible for harmful effects in many diseases. These toxic 
compounds of nonprotein nature are part of the intact bacterial 
cells as opposed to the protein exotoxins found in cell-free broth 
cultures. Reviews concerning endotoxins have been published 
by Burrows (1), and by Westphal et al. (2). This report deals 
with the isolation, chemical nature, and toxicity of lipopolysac- 
charide phosphoric acid ester endotoxin from Neisseria gonor- 
rhoeae. 


EXPERIMENTAL i 
Isolation of LPSP'—The present isolation procedure is based 


on principles that were successfully applied by Westphal e¢ al. 


(2) in studies of components of certain gram-negative bacteria. 
A phenol-water mixture is employed for the extraction of LPSP 
After centrifugation the mixture 
separates into two phases. An upper aqueous phase (which is 
siphoned off) contains the LPSP and nucleic acid, and a lower 


_ phenol phase, contains the proteins. 


The following is our detailed procedure. The culturing 
method was the same as previously described (3, 4). The NV. 
gonorrhoeae strain used in these investigations was isolated from a 
male patient by Dr. James D. Thayer of this laboratory. The 
bacterial cells were washed twice with 4 volumes of 0.85 per cent 
NaCl and once with 4 volumes of sterile distilled water. A supply 
of such cells was stored frozen at —20°. Washed cells contained 
10 to 12 per cent of solids. Washed gonococcus cells, 50 gm., 
were suspended in 45 ml. of distilled water. The cell suspen- 
sion was poured into a Waring Blendor containing a mixture of 
110 gm. of phenol and 65 ml. of distilled water. The contents 
of the Waring Blendor were stirred for 8 minutes. During this 
period most of the cells disintegrated and the nucleoprotein- 
LPSP complex was hydrolyzed. The temperature of the mixture 
was 10° at the beginning, and 42° at the end of stirring. The 
mixture was cooled to 20°, poured into 100-ml. Pyrex centri- 
fuge tubes and centrifuged in an International refrigerated 
centrifuge at 4° for 10 minutes at 3,000 x g. The clear super- 
natant upper phase was siphoned off and the lower (phenol) 
phase containing the proteins extracted with 30 ml. of distilled 
water and centrifuged again. A second 50 gm. portion of bac- 
terial cells was similarly treated (hydrolytic extraction with 
phenol-water dialysis, and differential centrifugation). The 
upper phases were combined and centrifuged again for 20 min- 


* A preliminary report on part of this work was presented before 
the [Vth International Congress of Biochemistry, Vienna, Austria, 
September 1-6, 1958. 

‘The abbreviation used is: LPSP, lipopolysaccharide phos- 
phoric acid ester. 


utes at 3,000 x g. The combined upper phases were then 
placed in cellophane bags and dialyzed for 24 hours at 4° against 
28 1. of distilled water. The latter was stirred continuously and 
changed occasionally. 

Phenol Phase—From the phenol phase the protein was ob- 
tained by the addition of 2.5 volumes of 95 per cent ethanol. 
The precipitate was washed with cold acetone and ether and 
dried over sodium hydroxide ina vacuum. This component was 
not studied further by us. 

Aqueous Phase Contains LPSP and Nucleic Acid—A small 
quantity of sodium chloride was added to an aliquot of the dia- 
lyzed upper phase and the LPSP precipitated together with 
nucleic acid by the addition of 2 volumes of acetone. The 
precipitate was washed with cold acetone and dried over sodium 
hydroxide in a vacuum. The yield of dry material was 970 mg. 
per 100 gm. of wet cells or 9.7 per cent on a dry cell basis. This 
material was water soluble, contained 9.3 per cent Kjeldahl-N 
and 56 per cent nucleic acid (Fig. 1). The LDso was 0.8 mg. per 
each 16 to 18 gm. mouse. 

Separation of Nucleic Acid from LPSP by Ultracentrifugation— 
The major portion of the dialyzed supernatant was centrifuged 
in a Spinco model L ultracentrifuge for 1 hour at 100,000 x g. 
The LPSP sedimented in the form of gel-like, transparent ma- 
terial. The sediment was dissolved in 45 ml. of distilled water 
per 100 gm. of wet cells and centrifuged in a Servall angle centri- 
fuge at 2,000 x g for 10 minutes. A slight precipitate was 
discarded. One hundred mg. of sodium chloride (per 100 gm. 
of wet cells) were added to the opalescent supernatant and the 
LPSP again precipitated by the addition of 2 volumes of cold 
acetone. The precipitate was removed by centrifugation, 
washed with acetone, and dried over sodium hydroxide in a 
vacuum. The yield of dry LPSP was 300 mg. per 100 gm. of 
wet bacteria or 3 per cent on the basis of dry bacteria. The 
isolated LPSP was free from nucleic acid (Fig. 1). The LDso 
was 0.1 to 0.2 mg. 

Nucleic Actd-Containing Fraction—A small quantity of sodium 
chloride was added to the supernatant obtained by ultracentrif- 
ugation (at 100,000 x g) and the nucleic acid was precipitated 
together with a small quantity of other materials by the addition 
of 3 volumes of cold acetone. The precipitate was washed with 
acetone and dried over sodium hydroxide in a vacuum. This 
material contained 72 to 74 per cent nucleic acid and 0.1 to 2.5 
per cent DNA (5). It was nontoxic at 4 mg. and slightly toxic 
between 5 to 10 mg. 


Chemical Nature of LPSP 


Solubility—The LPSP as isolated by our procedure, becomes 
insoluble in distilled water after drying but is readily soluble 


1391 


e. 
ly 
| 
» | 
| 
| 
| 
| 
| 


1392 
A 3 
2 
0.5 
i 
220 250 280 310 
mp 


Fic. 1. Ultraviolet absorption spectra. Curve 1 is the spec- 
trum of nucleic acid-free and protein-free LPSP. Curve 2 is the 
spectrum of a LPSP preparation before the ultracentrifugation. 
It contained 56 per cent nucleic acid. Curve 3 is the spectrum of 
veast nucleic acid. The ultraviolet spectra were determined in a 
Beckman DU spectrophotometer. Cells, 1 cm.; 1 ml., 50 ug. 
Optical density readings were taken every 10 mg. 


in 0.05 n sodium hydroxide. After neutralization a slight 
opalescent solution is obtained. A solution of the sodium salt 
does not form a precipitate on the addition of acetone unless a 
small quantity of sodium chloride has been previously added to 
the solution. : 

Effect of Heat—LPSP is quite resistant to heat. There was 
no loss of toxicity when a solution containing 0.5 mg. of LPSP 
per ml. at pH 7.00 was kept at 60° for 1 hour. Nor was there 
any loss of toxicity when a sample of LPSP powder was kept at 
100° in a vacuum for 3 hours. The latter preparation contained 
4.5 per cent moisture before heating and was free from moisture 
after 3 hours of heating. 

Composition of LPSP—The saccharide content by the Folin 
and Wu (6) method with galactose as the standard, after 90 


TABLE [ 
Composition of LPSP* 


Cc H N | P Ash Saccharide nn | Lipide 
44.82 | 7.54 | 3.30 | 3.84 6.22 | 43.0 | 13.8 | 28.4 
| | | 
* All values are given as per cent. 
TABLE II 
Activities of different endotoxins 
Product No. Type of product LDso value 
meg. 
1 Nucleoprotein-LPSP complex (cells 2.3-3.1 
lysed at pH 13.00, etc.) 
2 Nucleoprotein-LPSP complex sedi- 1.4 
ment (obtained by sonic oscilla- 
tion and ultracentrifugation) 
3 Nucleic acid and LPSP (mixture) 0.8 
4 LPSP (sediment obtained at 100,000 0.1-0.2 
g) 
5 Acetone powder of supernatant of | Nontoxic at 
same after removal of sediment 4 mg. 
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minutes of refluxing in 2 N HCI and deionization in a mercury 
cathode desalting apparatus, was 43.0 per cent. The hexos- 
amine content by Dische’s (7) procedure was 13.8 per cent. 
The micro-Kjeldahl nitrogen content was 3.3 per cent. The 
protein equivalent by the Folin-Ciocalteu phenol reaction (8) 
with serum albumin as the standard was 0.3 per cent. In addi- 
tion to phenolic (tyrosin) groups, however, purines and lipides 
(8) also react with the Folin-Ciocalteu reagent. The Hopkins- 
Cole test was negative. The biuret reaction could not be carried 
out since LPSP interferes. Some of the nitrogen is due to 
hexosamine. The results are not very suggestive of the presence 
of peptide in the LPSP molecule. The P-content was 3.84 per 
cent. LPSP was free from nucleic acid (Fig. 1). The analytical 
results are summarized in Table I. Hydrolysis of LPSP with 
2 n hydrochloric acid gave a mixture of reducing sugars, hexos- 
amine, lipide, and phosphoric acid. The latter was identified 
by the molybdate test. The LPSP thus appears to be a lipopoly- 
saccharide phosphoric acid ester. 


Partial Hydrolysis of LPSP and Removal of Lipide—Of the © 


fraction which sedimented in the ultracentrifuge at 100,000 x g, 
200 mg. were put in 78 ml. of distilled water containing 2.2 ml. 
of concentrated sulfuric acid and the solution boiled under 
reflux for | hour. The hydrolysate was cooled and the lipide was 
extracted with chloroform. The phases were separated by 
centrifugation. 


per cent). Increasing the time of hydrolysis to 2 hours did not 
increase the lipide yield. 


Endotoxin Activity of Different Materials 


Twenty-five CF1 male mice, weighing 16 to 18 gm. and five 
different endotoxin concentrations were used in the assays (4). 
Endotoxin solutions were administered intraperitoneally. The 
mice were observed for 5 days. Karber’s method (9, 10) was 
used for calculating LDso values and interpreting their statistical 
meaning. 


The chloroform extract was filtered and the — 
solvent evaporated. The waxy residue weighed 56.8 mg. (28.4 | 


| 


Toxicity values for a series of different materials and for the — 


isolated LPSP are summarized in Table II. 
Product | represents the nucleoprotein-LPSP complex. 


Here 


gonococcus cells were lysed with 0.05 N sodium hydroxide (pH © 


13.00). The resulting mixture was adjusted to pH 7.4 with 
0.2 N acetic acid. Cell debris were removed by centrifugation 
in a cold room at 3,000 X g. The supernatant was put in cello- 
phane bags and dialyzed for 24 hours at 4° against distilled water. 
The latter was stirred continuously. A small quantity of sodium 
chloride was added to the dialyzed supernatant and the endo- 
toxin was precipitated as part of the nucleoprotein-LPSP com- 
plex by the addition of 3 volumes of acetone. The precipitate 
was dried over sodium hydroxide in a vacuum. For assaying, 
the dry product was dissolved in a small volume of 0.05 N sodium 
hydroxide. The resulting solution was adjusted to pH 7.4 with 
0.2 N acetic acid and diluted to the desired concentration with 
sterile distilled water. Endotoxin activities are summarized in 
Table II. 

Product 2 also represents a nucleoprotein-LPSP complex. 
Here 3 gm. of washed cells were suspended in 47 ml. of distilled 
water and subjected to sonic disintegration in a Raytheon 10 ke. 
sonic oscillator at 8° for 60 minutes at maximal intensity. Cell 
debris, 8.8 to 9.0 per cent on dry cell basis, were removed by 
centrifugation at 3,000 x g for 15 minutes. The clear super- 
natant was placed in cellophane bags and dialyzed for 24 hours 
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against distilled water. The supernatant, after dialysis, con- 
tained 90 per cent of solids originally present in the gono- 
eoccus cells (5 to 6 mg. of nucleoprotein-LPSP complex per ml.). 
The supernatant after dialysis was centrifuged in the Spinco 
model L ultracentrifuge at 100,000 x g for 60 minutes. Thirty- 
five per cent of the endotoxin sedimented under these conditions. 
The sediment was put in solution by suspension in distilled water 
and brief (15 minutes) sonic treatment. Both sediment and the 
acetone powder obtained from the supernatant consisted mainly 
of nucleoprotein-LPSP complex (3, 4). These products had 
LDso values of 1.4 and 1.6 mg. These values are statistically 
not significantly different. 

The natural nucleoprotein-LLPSP complex possesses in addition 
to endotoxin activity also several enzymatic activities. Enzyme 
studies have not been included in this report. 

Product 3 represents the acetone powder obtained from the 
aqueous phase after phenol-water extraction before the dialyzed 
solution was subjected to ultracentrifugation. 

Product 4 represents the LPSP endotoxin as isolated from the 
aqueous phase by ultracentrifugation (sedimentation at 100,000 
x g after dialysis of the aqueous phase). It is seen in Table II 
that LPSP is the most toxic product. The high toxicity and the 
chemical findings indicate that the toxicity resides in the LPSP 
moiety of the biologic nucleoprotein-LPSP complex. 

Product 5 represents the acetone precipitate obtained after 
removal of the LPSP at 100,000 x g. This fraction contained 
74 per cent nucleic acid. It was nontoxic at 4 mg. per mouse 
and slightly toxic at 5 to 10 mg. per mouse. } 


DISCUSSION 


A simple and rapid procedure for the isolation of LPSP has 
been presented. The method is based on the hydrolytic extrac- 
tion of wet NV. gonorrhoeae cells with phenol-water, dialysis, and 
differential centrifugation. Phenol has been used for the prepa- 
ration of protein-free antigens in different ways by different in- 
vestigators (for a review see (11)). The accompanying diagram 


- isa condensed form of our procedure. 


A comparison of endotoxin activity of LPSP with those of other 


cell-free fractions has shown that endotoxin activity resides in 
the LPSP moiety of the natural nucleoprotein-LPSP complex. 


The acidic property, high P-content, and the release of phosphoric 
acid upon hydrolysis indicate that LPSP is a phosphoric acid 
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Extraction of bacteria with phenol-water (8 minutes at 
10—-42° in Waring Blendor) 


Cooled to 20° 


<— centrifugation at 4° and 2,000 X g — 


Aqueous phase 


Dialysis 


Centrifugation at 100,000 g 


phenol phase 
(proteins) 


Insoluble 
residue 


Supernatant 
(nucleic acid, ete.) . 


Sediment LPSP 


concerning the chemical nature of LPSP are in full harmony with 
the present concept of LPSP chemistry (2, 11). 

While our results are not suggestive of the presence of peptide 
in the LPSP molecule small quantities of several amino acids 
were detected by filter paper chromatography in the deionized 
hydrolyzate after concentration. The peptide impurity was re- 
moved from the LPSP by repeatedly dissolving the sediment in 
distilled water and recentrifuging it at 100,000 xk g. At 43° all 
but a trace of LPSP dissolved in water provided the sediment 
obtained on ultracentrifugation was dried from the frozen state. 


SUMMARY 


The isolation and chemical properties of lipopolysaccharide 
phosphoric acid ester endotoxin from N. gonorrhoeae have been 
described. This is probably the easiest procedure for preparing 
lipopolysaccharide phosphoric acid ester, free from protein and 
nucleic acid. The high toxicity and other properties of the prep- 
aration indicate that endotoxic activity resides in the lipopoly- 
saccharide phosphoric acid ester molecule. For comparison dif- 
ferent cell-free preparations from Neisseria gonorrhoeae have 
been included in this study. 
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Metabolism of Propionic Acid in Animal Tissues 


V. PURIFICATION AND PROPERTIES OF PROPIONYL CARBOXYLASE* 
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Flavin et al. (2, 3) found that the carboxylation of propiony] 
coenzyme A to methylmalony! coenzyme A by pig heart prepara- 
tions required adenosine triphosphate. A study of the role of 
ATP in this reaction revealed that the crude enzyme prepara- 
tions catalyzed a liberation of orthophosphate from ATP, if 
both CO:z and propionyl-CoA were present, presumably accord- 


ATP + CO: + propionyl-CoA — ADP 


1 
+ methylmalonyl-CoA 


ing to Reaction 1. In the absence of propionyl-CoA, but in 
the presence of fluoride, there was a CO.-dependent reaction 
between ATP and fluoride to yield ADP and monofluorophos- 
phate (Reaction 2). Because of its CO. dependence, Reaction 2, 


(2) 


which was referred to as the “fluorokinase’’ reaction, was as- 
sumed to proceed in two steps, (a) phosphorylation of CO. by 
ATP (Reaction 2a) and (b) cleavage of the hypothetical car- 
bony! phosphate by fluoride to yield fluorophosphate (Reac- 


(2a) 


ADP + fluorophosphate 


ATP + fluoride 


ATP + CO, ADP + “‘carbonyl phosphate”’ 
“Carbonyl phosphate’’ + fluoride CO, + fluorophosphate (2b) 


tion 2b). It therefore seemed possible that “fluorokinase”’ might 
be a carbonokinase and that the activated CO», formed via Re- 


“Carbonyl phosphate’’ + propionyl-CoA — 


3 
P; + methylmalonyl-CoA 


action 2a, might react according to Reaction 3, in the presence 
of propionyl-CoA carboxylase, to form methylmalonyl-CoA. 
In order to clarify the mechanism of propiony!-CoA carboxyla- 
tion further purification of the ‘‘fluorokinase’’ and carboxylase 
systems was undertaken. ‘“Fluorokinase” was crystallized from 
rabbit muscle and, as already reported (4), appears to be identi- 
cal with pyruvic kinase, the enzyme which catalyzes the revers- 
ible transfer of phosphate from ATP to pyruvate. The present 


* Aided by grants from the National Institute of Arthritis and 
Metabolic Diseases (Grant A-1845) of the United States Public 
Health Service; the Rockefeller Foundation; and the Jane Coffin 
Childs Memorial Fund for Medical Research. Preceding paper of 
this series (1). 

+ Fellow of the Jane Coffin Childs Memorial Fund for Medical 
Research. Present address, Israeli Institute for Biological Re- 
search, Ness-Ziona, Israel. 

1The abbreviations used are: P; (in equations), orthophos- 
phate; Tris, tris(hydroxymethyl)aminomethane; and DEAE-cel- 
lulose diethylaminoethy! cellulose. 


paper is concerned with the purification of the propionyl-CoA 
carboxylation system of pig heart and a study of its properties. 
Extensive purification has failed to resolve the system into sepa- 
rate enzymes for CO, activation and propionyl-CoA carboxyla- 
tion. The purified enzyme has no “fluorokinase”’ activity, and 
crystalline ‘fluorokinase” has no effect on the carboxylation of 
propionyl-CoA. There is no evidence for intermediary forma- 
tion of carbonyl phosphate. The stoichiometry of propionyl- 
CoA carboxylation fulfills Reaction 1 and the reaction has been 
found to be reversible. A preliminary report of this work has 
appeared (5). 


Although the possibility of resolution into separate enzymes | 


upon further purification should be kept in mind, the enzyme(s) 
catalyzing Reaction | will be referred to as propionyl carboxyl- 


ase. This name is in line with current nomenclature of enzymes © 


of fatty acid metabolism (6). 
EXPERIMENTAL 


Isolation of Propionyl Carborylase 


Assay—Two methods have been used for the assay of pro- 
piony! carboxylase; in one the rate of fixation of CQ, by pro- 


pionyl-CoA was measured, and in the other the rate of produc- | 


tion of ADP (Reaction 1) was determined optically. 


C40, Fixation Assay—This was based on the method of Flavin | 


et al. (3) with some modifications. 
action mixtures is given in the legend to Fig. 1. 
was carried out in small Thunberg tubes (1.2 K 5 cm.) and the 
radioactive carbonate was added from the side bulb to start the 
reaction. The reaction was stopped by addition of 0.2 ml. of 
20 per cent trichloroacetic acid, and the precipitated protein was 
removed by centrifugation. Aliquots (0.2 ml.) of the protein- 
free supernatant were placed on stainless steel planchets and 
dried under an infrared lamp, and the radioactivity was deter- 
mined with an end window Geiger-Miller counter. As shown in 
Fig. 1B the fixation of CO, was linear over a 15-minute period 
and, with small amounts of enzyme (less than 5 wg. per sample), 
was proportional to enzyme concentration (Fig. 14). One unit 
of enzyme was defined as the amount catalyzing the fixation of 1 
umole of CO. per minute under the conditions of the assay, 
and the specific activity is expressed in units per mg. of protein. 
Protein was determined spectrophotometrically by measuring 
the light absorption at wave length 280 my with a correction for 
the nucleic acid content (7). This assay was used through the 
first two steps of purification (see Table I). 

Optical Assay—lIn this assay the rate of production of ADP 
was measured spectrophotometrically by coupling the propionyl 
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Fic. 1. Fixation of C'*O2 by propionyl-CoA as a function of the 
concentration of propionyl carboxylase (A) and time (B). Sam- 
ples contained (in wmoles): Tris buffer, pH 8.0, 100; MgCl:, 6; 
GSH, 2; ATP, 3; K2C'*0;, 10 (250,000 c.p.m.); propionyl-CoA, 1; 
and propiony! carboxylase (Step 4, Table I) as indicated. Final 
volume, 1.0 ml. Incubation at 30°. A, incubation, 10 minutes; 
B, amount of enzyme protein shown on the curves. 


carboxylase reaction (Reaction |) with the reactions catalyzed 
by pyruvic kinase and lactic dehydrogenase (Reactions 4 and 5). 


(4) 
(5) 


In the presence of pyruvic kinase, the ADP formed in Reaction | 
is phosphorylated by phosphoenolpyruvate which is thereby con- 
verted to pyruvate; the latter is reduced to lactate by DPNH, 
in the presence of lactic dehydrogenase. With an excess of pyru- 
vic kinase and lactic dehydrogenase the rate of oxidation of 
DPNH is proportional to the rate of formation of ADP. The 
reaction is followed as the decrease in absorbancy at wave length 
340 mu. The reaction is carried out at 30° in quartz cells (d = 
1.0 em.) in the Beckman spectrophotometer. The composition 
of the reaction mixtures is given in the legend to Fig. 2. Under 
the conditions of the assay the rate of DPNH oxidation was 
linear for 6 to 8 minutes and proportional to the concentration 
of propiony] carboxylase (Fig. 2). 1 mole of ADP is produced 
per mole of DPNH oxidized and 1 unit of enzyme was taken as 
the amount catalyzing the formation of 1 umole of ADP per 
minute. Because of the presence of ATPase before Step 3 of the 
purification (see Table I) the optical assay could only be used 
from Step 3 on. 

Purification—Propiony! carboxylase was purified from pig 
heart, the starting material used by Flavin et al. (3). All opera- 
tions were carried out at about 0°. 

Step 1., Extraction—Ten pig hearts obtained immediately after 
death were packed in ice, trimmed of fat, blood clots, and con- 
nective tissue, and passed through an electric meat grinder. The 
mince (1.3 kg.) was divided into 250-gm. portions, and each por- 
tion was mixed thoroughly with 300 ml. of 0.05 m Tris buffer, 
pH 7.5, containing 0.001 m Versene ethylenediaminetetraacetate). 
The mixture was stirred occasionally over a period of 30 minutes 
and was then filtered through four layers of cheese cloth, with 


ADP + phosphoenolpyruvate -- ATP + pyruvate 
Pyruvate + DPNH + lactate + DPN®* 
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TaBLe [ 
Purification of propionyl carboxylase from pig heart* 
Step Volume | Units Protein Yield 
1. Extract.................} 2,610 | 650 | 21,600 | 0.03 | 100 
2. (NH,)2SO, fractionation. . 130 | 595 | 5,400 91 
3. Protamine and (NH,) SO, 
fractionation.......... 42 | 560 | 1,300| 0.43 86 
4. DEAE-cellulose (pH 7.5). 8 | 350 105 | 3.33 | 54 
5. Alumina gel supernatant | 34 | 122 14; 8.70} 19 
6. DEAE-cellulose (pH 6.5). 1 | 99 7 | 14.00} 15 


* Minced tissue, 1.3 kg. 

t Optical assay except for Steps 1 and 2 when activity was 
determined by C'*O, fixation assay. One umole of ADP is pro- 
duced per mole of COs: fixed and, for calculation of activity, the 
reaction rate was supposed to be essentially the same with either 
assay. 


0.160 PROPIONYL CoA 


0.120+ | 

S 

>0.008F 

=> 0.004 
| 


¢ 
TIME (MINUTES) 


Fic. 2. Optical assay of propionyl carboxylase. Samples con- 
tained (in wmoles): Tris buffer, pH 8.0, 100; MgCl., 4; GSH, 2; 
ATP, 2; KHCOs, 50; propionyl-CoA, 0.5; KCl, 100; phosphoenol- 
pyruvate, 1; DPNH, 0.16; an excess of pyruvic kinase and lactic 
dehydrogenase; and propionyl carboxylase (Step 6, Table I) as 
indicated on the curves. Final volume, 1.0 ml. Temperature, 
30°. Reaction started by addition of propionyl-CoA at the arrow. 


the mince squeezed as dry as possible. The supernatant wash 
fluid was discarded and the mince extracted in a Waring Blendor 
at top speed for 1 minute with 500 ml. of the above buffer. After 
the mixture was allowed to stand for 10 minutes, it was centri- 
fuged in a Lourdes angle centrifuge at 8000 x g for 15 minutes 
and the sediment was discarded. The supernatant extracts from 
the various 250-gm. portions of mince were mixed, and GSH was 
added to a final concentration of 5 X 10-*m. About 2.6 1. of 
extract with 21.6 gm. of protein, or about 8 mg. of protein per 
ml. were obtained in this way. 

Step 2., Ammonium Sulfate Fractionation—Finely powdered 
solid ammonium sulfate was slowly added to the extract, with 
mechanical stirring, in the proportion of 216 gm. per l. After 
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being stirred for an additional 30 minutes the precipitate was 
collected by centrifugation (conical head, International PR-2 
refrigerated centrifuge) at 3500 x g for 60 minutes, and the pre- 
cipitate was discarded. After the further addition of 136 gm. 
of ammonium sulfate per |. as above, to the supernatant solution, 
the precipitate was collected by centrifugation and the clear 
supernatant fluid discarded. The precipitate was dissolved in 
0.02 m Tris buffer, pH 7.5, containing 0.001 m Versene and 5 xX 
10-4 m GSH, and the solution dialyzed overnight against 6 1. of 
the same buffer. Any precipitate formed on dialysis was removed 
by centrifugation. The protein concentration of the solution was 
about 40 mg. per ml. 

Step 3., Precipitation with Protamine and Ammonium Sulfate 
Fractionation—The protein concentration of the solution from 
the previous step was adjusted to 10 mg. per ml. by dilution 
with 0.02 m Tris buffer, pH 7.5, containing 0.001 m Versene and 
0.001 m GSH, and the pH of the solution was brought to 6.5 with 
1.0 m acetic acid. <A freshly prepared 10 per cent solution of 
protamine sulfate was added slowly with mechanical stirring to 
the above solution in the proportion of 1 mg. of protamine sul- 
fate for each 20 mg. of protein. After further stirring for 10 
minutes the heavy precipitate was collected by centrifugation in 
a Servall angle centrifuge at 15,000 x g for 10 minutes and the 
supernatant fluid, which was free of propiony! carboxylase activ- 
ity, was discarded. The precipitate was washed once with 50 
ml. of 0.1 m Tris buffer, pH 7.5, containing 0.001 m GSH, and 
was then dissolved, with the aid of a glass homogenizer, in the 
same buffer to which ammonium sulfate had been added to 20 
per cent saturation. The protein concentration of the above 
solution was adjusted to 10 mg. per ml. with the ammonium sul- 
fate and GSH containing Tris buffer. Saturated ammonium 
sulfate was now added with mechanical stirring to 38 per cent 
saturation and after being stirred for another 30 minutes, the 
solution was centrifuged in the Servall angle centrifuge at 15,000 
< g for 15 minutes and the precjpitate discarded. Solid am- 
monium sulfate was now added to the supernatant fluid in the 
proportion of 165 gm. per 1. After stirring for 30 minutes, the 
precipitate was collected by centrifugation as above and the 
supernatant fluid was discarded. The precipitate was dissolved 
in 0.02 m Tris buffer, pH 7.5, containing 0.001 m Versene and 
5 X 10-4 mM GSH and dialyzed overnight against 4 1. of the same 
buffer. Any precipitate formed on dialysis was removed by 
centrifugation. The protein concentration of the dialyzed solu- 
tion was about 30 mg. per ml. 

Step 4., First Purification on DEAE-Cellulose Column—Thir- 
teen gm. of DEAE-cellulose, t.e. about 10 times the amount of 
protein recovered in the previous step (cf. Table I), were sus- 
pended in 500 ml. of 0.02 m Tris buffer, pH 7.5. Light particles 
which did not settle within 10 minutes were removed by decant- 
ing the supernatant fluid. The cellulose was resuspended in 
buffer and packed into two columns (2 X 10 cm.), pressure being 
applied during packing with a Saxon aquarium air pump. The 
packed cellulose was washed overnight with the same buffer. 

The protein concentration of the enzyme solution from the 
previous step was adjusted to 10 mg. per ml. with 0.02 m Tris 
buffer, pH 7.5, containing 0.001 m GSH, and the diluted solution 
was passed through the column. All the protein was retained 
by the cellulose. The column was washed with more buffer, and 
the protein was then eluted with 0.05 m Tris buffer, pH 7.5, con- 
taining 0.001 m GSH, and increasing concentrations of KCl, 
namely 0.025, 0.05, and 0.1 mM. Weak pressure was applied to 
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give a rate of 2 ml. per minute and 20-ml. fractions were col- 
lected. The elution of protein was followed spectrophotometri- 
cally by determining the absorption of light at wave length 280 
mu. Inactive protein was eluted with buffer containing 0.025 
and 0.05 m KCl. Propionyl carboxylase of high specific activity 
appeared in the front part of the protein band which was eluted 
with buffer containing 0.1 M KCl. The fractions of highest spe- 
cific activity were pooled, and the enzyme was precipitated by 
addition of ammonium sulfate in the proportion of 398 gm. per 
1. The precipitate was dissolved in a small amount of 0.02 m 
Tris buffer, pH 7.5, containing 0.001 m GSH and was stored at 
—20° without previous dialysis. The enzyme was fairly stable 
under these conditions but lost activity upon repeated freezing 
and thawing. 

Step 5., Removal of Inactive Protein by Adsorption on Alumina 
Gel Cy—The enzyme solution from the previous step was thawed 
and dialyzed for 2 hours against 2 |. of 0.02 mM potassium phos- 
phate buffer, pH 6.5, containing 0.001 m GSH, with a change of 
buffer after 1 hour. The protein concentration was then ad- 
justed with the same buffer to 6 mg. per ml. and a suspension 
of alumina gel containing 12 mg. per ml. was added slowly, with 
mechanical stirring, in the proportion of 3 mg. of gel per mg. of 
protein. After being stirred for another 10 minutes the gel was 
removed by centrifugation and discarded. 

Step 6., Second Purification on DEAE-Cellulose Column—A 
column was prepared as described for Step 4 except that 250 mg. 
of DEAE-cellulose were used and suspended in 150 ml. of 0.02 
M potassium phosphate buffer, pH 6.5; the dimensions of the 
column were 0.8 X 6 cm. The supernatant solution from the 
previous step was passed through the column at the rate of 1 ml. 
per minute whereby all the protein was retained by the cellulose. 
The column was washed with more buffer and the protein was 
then eluted first with 0.05 m and then with 0.1 m potassium phos- 
phate buffer, pH 6.5, containing 0.001 m GSH. Inactive protein 
appeared in the first peak (0.05 mM potassium phosphate) and was 
followed by the enzyme. The enzyme was then precipitated by 
addition of solid ammonium sulfate in the proportion of 398 gm. 
per 1. The precipitate was dissolved in a small amount of 0.02 
M Tris buffer, pH 7.5, containing 0.001 m GSH, and the solution 
stored without prior dialysis at —20°. For some experiments 
the enzyme was dialyzed for 2 hours against 0.02 m Tris buffer, 
pH 7.5, containing 0.001 m GSH, immediately before use. 

The results of a typical purification are summarized in Table 
I. The procedure has been repeated three times with similar 
results. The purified enzyme is fairly stable, although it rapidly 
loses activity on repeated freezing and thawing. 

At various stages of purification the enzyme solutions were as- 
saved for the presence of enzymes other than propiony! carboxyl- 
ase. After Step 3, the preparations were free of propionyl-CoA 
and methylmalonyl-CoA deacylases, adenylic kinase (myokinase) 
and ‘‘fluorokinase” (pyruvic kinase). Inorganic pyrophospha- 
tase, largely removed after Step 3, was completely removed by 
the last step. ‘‘Fluorokinase,’’ pyruvic kinase, and adenylic 
kinase were assayed as previously described (4). Propionyl-CoA 
and methylmalonyl-CoA deacylases were assayed by following 
the liberation of free sulfhydryl groups from these substrates. 
The reaction mixture contained, in a final volume of 1 ml., the 
following components (in wmoles): Tris buffer, pH 8.0, 100; 
MgCls, 4; substrate, 1; and enzyme fraction. Just before and 
after 5, 10, and 15 minutes of incubation at 30° 0.1-ml. aliquots 
were removed, Sulfhydryl groups were determined essentially 
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as described by Grunert and Phillips (8); the test was adapted 
for a volume of 3 ml., and the color was measured in the Beck- 
man spectrophotometer at wave length 520 mu. Pyrophospha- 
tase was assayed as described by Flavin et al. (3); inorganic phos- 
phate was determined by the method of Fiske and SubbaRow 
(9). 


Properties of Propionyl Carboxrylase 


Components of System—Fixation of CO, was strictly depend- 
ent on the presence of enzyme, ATP, Mg**, and propionyl-CoA. 
Under the conditions of the CO, fixation assay maximal rates 
were obtained when the concentration of Mg*+* was at least as 
high as that of ATP. The reaction had a narrow optimal pH 
range between 7.8 and 8.2. 

At Step 3 of purification the enzyme preparations were free of 
“fluorokinase.’” As shown in Table II, addition of crystalline 
“fluorokinase”’ was without effect on the rate of CO» fixation. 
The reaction was not stimulated at any stage of purification of 
the enzyme by the addition of boiled extracts of heart, liver, or 
yeast, and it was not inhibited by prior treatment of the enzyme 
with either Dowex 2 (Cl-) or activated charcoal. Since Lardy 
and Adler (10) had reported that mitochondrial extracts of bio- 
tin-deficient rat liver carboxylated propionate at a greatly re- 
duced rate, purified preparations of propionyl carboxylase were 
assayed for biotin but none was detected.2 Although solutions 
of the enzyme contained GSH at all stages of purification, its 
further addition to the reduction mixtures always resulted in 
some stimulation. This was maximal with 1 to 2 umoles of GSH 
per ml. 

The affinity of propionyl carboxylase for ATP, COs, and pro- 
pionyl-CoA was determined, with use of the optical assay, with 
preparations at Step 6 of purification. The A,, values calculated 
from Lineweaver-Burk (11) plots were 8.0 K 10-5, 2.5 x 10-3, 
and 2.7 X 10-4 M, respectively. ATP could not be replaced by 
GTP, UTP, CTP, or ITP. 

Stoichiometry—Flavin et al. (3) had observed that the break- 
down of ATP, catalyzed by crude propiony! carboxylase prepara- 
tions in the presence of propionyl-CoA and CQs, was accompanied 
by the liberation of orthophosphate and that no pyrophosphate 
was formed. Table III shows, with purified propionyl carbox- 
vilase, that ADP was produced in amounts equimolar to the 
orthophosphate liberated and that the uptake of COs was equi- 
molar with the production of ADP and orthophosphate. No 
acid-labile phosphate, t.e. no pyrophosphate was formed. 

As previously shown with crude enzyme preparations (2), the 
product of carboxylation of propionyl-CoA by purified propionyl 
carboxylase vielded methylmalonomonohydroxamie acid with 
hydroxylamine. Further proof that the carboxylation product 
was methylmalonyl-CoA was obtained by incubating the depro- 
teinized reaction mixture with methylmalonyl-CoA isomerase 
(12) which catalyzes the conversion of methylmalonyl-CoA to 
succinyl-CoA. preparation from Micrococcus lactilyticus, 
which contained methylmalonyl-CoA isomerase but was free of 
propiony! carboxylase, was used as the source of isomerase.* 


7 We are indebted to Dr. E. L. R. Stokstad, Lederle Labora- 
tories Division, American Cyanamid Company, Pearl River, New 
York, for the biotin assays. 

>A culture of this organism was kindly provided by Dr. H. R. 
Whitley, Department of Microbiology, School of Medicine, Uni- 
versity of Washington, Seattle, Washington. The enzyme prep- 
aration was supplied by Dr. A. Hasson and Mr. P. Lengvel, who 
kindly helped with this experiment. 
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TABLE II 
No effect of ‘‘fluorokinase”’ on propionyl-CoA carborylation 
Conditions of C'O, fixation assay with 31 ug. of propionyl car- 
boxylase (Step 3) and crystalline ‘‘fluorokinase’’ as indicated. 
Incubation, 10 minutes at 30°. 


‘“*Fluorokinase”’ CO: fixed 
Bg. c.p.m. 
0 | 3400 
93 3280 
186 3510 
462 3110 


TaB_e III 
Stoichiometry of propionyl-CoA carborylation 

In Experiment 1 the samples contained (in wmoles) Tris buffer, 
pH 8.0, 200; MgCl., 8; GSH, 4; ATP, 8; KHCO;, 100; potassium 
fluoride (to inhibit any inorganic pyrophosphatase that might 
still be present), 40; and propionyl carboxylase (Step 4), 125 ug.; 
without or with 4 wmoles of propionyl-CoA. Final volume, 2.0 
ml. In Experiment 2, Tris buffer, pH 8.0, 100; MgCl., 6; GSH, 2; 
ATP, 3; KHCOs, 6; and propiony! carboxylase as above, 56 ug.; 
without or with 2 wmoles of propionyl-CoA. Final volume, 1.0 
ml. Incubation, 10 minutes at 30°. ADP was determined en- 
zymatically with use of the pyruvic kinase-lactic dehydrogenase 
system (see ‘“‘Optical Assay’’), and the CO. uptake measured 


manometrically as described under ‘‘Methods.’’ Values in 
umoles. 
| | no. | 
| | | 
Experiment 1 | 
None | | <0.01 | 0.0 | 0.0 
Propionyl-CoA | | 1.45 1.46 | 0.0 
Experiment 2 | | 
None «0.0 <0.01 | 0.0 | 
Propionyl-CoA 0.79 0.75 0.73 | 


* Hydrolysis in 1.0 Nn HCI for 10 minutes at 100°. 


Whereas the reaction mixture after incubation with propiony] 
carboxylase contained no succinate, succinate was formed on 
subsequent incubation with isomerase. The experiments re- 
ported in this section thus provide final proof that the enzy- 
matie carboxylation of propionyl-CoA proceeds according to Re- 
action 1. 

Reversibility—Although no indications had been obtained with 
crude preparations of propiony! carboxylase that Reaction | is 
reversible, reversibility has readily been demonstrated with the 
highly purified enzyme. Evidence for the occurrence of Re- 
action 6 


ATP + CO: + propionyl-CoA =~ 
ADP + P; + methylmalonyl-CoA 


in the direction to the left is as follows. (a) Labeled ATP is 
formed from ADP and P®-orthophosphate, or from C'-ADP 
and orthophosphate, in the presence of methylmalonyl-CoA. 
(b) Net formation of ATP from ADP and orthophosphate can be 
shown to occur, in the presence of methylmalonyl-CoA, when 
Reaction 6 is coupled with the reactions catalyzed by hexokinase 
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and glucose 6-phosphate dehydrogenase (Reactions 7 and 8, re- 
spectively). 

ATP + glucose — ADP + glucose 6-phosphate (7) 
Glucose 6-phosphate + TPN* — 


8 
6-phosphogluconate + TPNH + H* 


Under these conditions radioactive propionyl-CoA (identified as 
propionohydroxamic acid) is formed from C'-methylmalonyl- 
CoA. 


MMCoA 


= 


ENDOGENOUS, CoA, 
PROPIONYL CoA 


FIXED ( MOLES) 
| 


10 20 30 
TIME (MINUTES) 


Fic. 3. Reversibility of propionyl carboxylase reaction: forma- 
tion of labeled ATP from P*?-orthophosphate and ADP. Samples 
contained (in wmoles): Tris buffer, pH 7.6, 100; MgCl., 4; GSH, 2; 
ADP, 2; P*-potassium phosphate, 2.5 (250,000 c.p.m.); and pro- 
pionyl carboxylase (Step 6, Table I), 105 wg. Final volume, 1.0 
ml. Temperature, 30°. Other additions: upper curve, methyl- 
malonyl CoA (MM CoA) 0.6; lower curve, either no further addi- 
tions, or propionyl-CoA, 0.5; or CoA,0.2._ Phosphate incorporated 
into ATP measured as organically bound P*. 


IV 
Formation of labeled ATP from P*-orthophosphate or C'*-ADP 


For incorporation of P%?-orthophosphate all samples contained 
(in umoles) Tris buffer, pH 7.6, 100; MgCl., 4; GSH, 2; ADP or 
ATP (as indicated), 2; P*-labeled potassium phosphate, 2.5 
(250,000 ¢.p.m.); and propiony! carboxylase (Step 6), 105 ug. 
Final volume, 1.0ml. For incorporation of C'4*-ADP, Tris buffer, 
pH 7.6, 45; MgCl., 4; GSH, 1; ATP, 1; 8-C'*-ADP, 1 (45,000 
¢.p.m.); either no phosphate or 1 umole of potassium phosphate; 
and propiony! carboxylase as above, 55 wg. Final volume, 0.45 
ml. Other additions as indicated. Incubation, 12 minutes at 
30°. Blank values, in the absence of further additions, sub- 
tracted from the experimental values given in the table. For 
experimental details see ‘“‘Methods.’’ Values in uwmoles. 


| 
| C“-ADP rated 
| 


P® incorporated into 
AT P into 


Other additions 


With | With Without With 
ADP | ATP phosphate | phosphate 
pmoles | 
KHCO;, 10; propionyl- | 0.002 | 0.030 , 0.025 0.063 
CoA, 0.5 | | | 
Methylmalonyl-CoA, 0.6 0.090 | 0.003 | 0.002 | 0.280 
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(a) Experiments with P*-Orthophosphate and C%-ADP—As 
shown by the upper curve of Fig. 3, there was a rapid formation 
of labeled ATP upon incubation of propionyl carboxylase with 
P*_orthophosphate, ADP, and methylmalonyl-CoA. A small 
but significant formation of labeled ATP, which was not increased 
by the addition of CoA or propionyl-CoA, occurred in the absence 
of methylmalonyl-CoA (Fig. 3, lower curve). The nature of 
this ‘““endogenous”’ reaction is unknown. 

Similar experiments are shown in Table [V. The formation 
of labeled ATP was highest with P®-orthophosphate, ADP, and 
methylmalonyl-CoA as initial reactants (Table IV, Column 2) 
z.e., under optimal conditions for reversal of Reaction 6. When 
propionyl-CoA and bicarbonate were substituted for methyl- 
malonyl-CoA and ATP was substituted for ADP, there was a 
smaller but appreciable formation of labeled ATP (Table IV, 
Column 3). Under the latter conditions the incorporation of 
P® into ATP reflects the formation of methylmalonyl-CoA and 
ADP through the prior occurrence of the forward reaction. 
Table IV also shows formation of labeled ATP on incubation of 
propiony! carboxylase with C'-ADP, ATP, and orthophosphate, 
in the presence of either methylmalonyl-CoA or propionyl-CoA 
and bicarbonate. 

(b) Net Formation of ATP and Propionyl-CoA—It is possible 
to determine spectrophotometrically the formation of ATP, by 
reversal of Reaction 6, through coupling of propiony! carboxylase 
with hexokinase and glucose 6-phosphate dehydrogenase. Since 
hexokinase (Reaction 7) catalyzes the transfer of phosphate from 
ATP to glucose, and glucose 6-phosphate dehydrogenase (Re- 
action 8) the reduction of TPN* by the glucose 6-phosphate thus 
formed, the reaction is followed by the increase in absorbancy at 
wave length 340 my due to formation of TPNH. One mole of 
TPNH is produced per mole of ATP formed. Under these con- 
ditions, conversion to ADP of the ATP formed by reversal of 
Reaction 6 shifts the equilibrium position of this reaction towards 
the left. 

The experiments of Fig. 4 show that the formation of ATP, 
under the above experimental conditions, was strictly dependent 
on the presence of both methylmalonyl-CoA and orthophosphate 
and its rate proportional to the concentration of propionyl car- 
boxvlase. 


— 


Other experiments not shown in the figure have © 


proved that suecinyl-CoA could not replace methylmalonyl-CoA — 


(the purified propiony] carboxylase being free of methylmalonyl- 
CoA isomerase) and that AMP and pyrophosphate could not be 
substituted for ADP and orthophosphate. 

Under the conditions of the above experiments C'*-labeled 
methylmalonyl-CoA vielded, after treatment of the reaction 
mixture with hydroxylamine, an amount of labeled propiono- 
hydroxamiec acid equivalent to that of ATP formed (Table V). 


DISCUSSION 


The results reported in this paper establish unequivocally that 
propiony! carboxylase catalyzes the reversible reaction of ATP, 
and propionyl-CoA to ADP, orthophosphate, and methyl- 
malonyl-CoA (Reaction 6). However, the reaction mechanism 
remains obscure. We find no support for the hypothesis (3) 
that the carboxylation of propionyl-CoA may consist of two 
separate reactions catalyzed by different enzymes: (a) activation 
of CO, by ATP, and (6) carboxylation of propionyl-CoA by 
“active’’ CO.. On the one hand, there is no separation of en- 
zymatic activities after the rather extensive purification so far 


obtained; on the other, there is no evidence for the formation of 
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“active”? CO, in the absence of propionyl-CoA. Thus, although 
ATP is broken down upon incubation with propiony] carboxylase, 
Mg++, CO2, and propionyl-CoA, there is no detectable cleavage 
if propionyl-CoA is omitted. This is true even in the presence 
of 0.05 to 1.0 m hydroxylamine which might be expected to cleave 
“active”? COs with formation of a carbonohydroxamiec acid. 
Moreover, if the enzyme catalyzed a reversible reaction of ATP 
with COs, to give either carbonyl phosphate and ADP or an 
ADP-CO: compound and orthophosphate, one would detect a 
CO.-dependent exchange either of radioactive ADP or of ortho- 
phosphate with ATP, even if enzyme-bound rather than free 
“active”? CO2 were formed. However, no such exchanges were 
observed in the absence of propionyl-CoA. The alternative pos- 
sibility, namely activation of propionyl-CoA by ATP in the 
absence of COs, appears even less likely. 

The facts thus far available could best be explained by assum- 
ing that propionyl carboxylase is a single enzyme and that it 
must bind both CO: and propionyl-CoA before reaction can 
occur. If so, the activation of CO: would be dependent on the 
presence of propionyl-CoA. Since glutathione not only stabi- 
lizes propionyl carboxylase but enhances the rate of reaction, 
CO; might be activated as postulated by Lardy (13), by forming 
a thiol ester with a sulfhydryl group of the enzyme. This re- 
action, like the formation of succinvl-S—CoA from ATP, suc- 
cinate, and HS—CoA (14), would be coupled with the cleavage 
of ATP to ADP and orthophosphate. The activated CO: would 
then interact with the methylene group of propionyl-CoA to 
form methylmalonyl-CoA with regeneration of HS-enzyme. As 
mentioned in a previous section, no dissociable cofactors appear 
to be involved in the propiony] carboxylase reaction and the 
purified enzyme contains no biotin. Thus, the reported func- 
tion of biotin in a number of carboxylation reactions, including 
that of propionate (10), remains unexplained (ef. (15)). 

Recently Knappe and Lynen (16) have obtained a bacterial 
enzyme preparation which catalyzes the carboxylation of £- 
methylerotonyl-CoA to 8-methylglutaconyl-CoA according to 
Reaction 9,‘ and is, therefore, analogous to propiony! carboxylase. 


ATP + CO, + 8-methylcrotonyvl-CoA — 


9 
ADP + P; + 8-methylglutaconyl-CoA ©) 


8-Methylglutaconyl-CoA + — 


(10) 
CoA 


A specific B-methylglutacony! hydrase (methylglutaconase) cat- 
alyzes the reversible hydration of 8-methyl-8-hydroxyglutaryl- 
CoA (Reaction 10). The latter enzyme is present in animal tis- 
sues, yeast, and bacteria and was purified from sheep liver (18). 


Methods 


Measurement of COz, Uptake—CO, uptake was determined 
manometrically with use of two Warburg flasks each with two 
side-bulbs containing 0.2 ml]. of propionyl-CoA solution (or water) 
and 0.2 ml. of 2.0 n sulfuric acid, respectively. The main com- 
partment of each flask contained 6 wmoles of potassium bicar- 
bonate, enzyme, and the other additions listed in Table III. 
The initial bicarbonate was obtained by tipping simultaneously 
the propionyl-CoA (or water) and the acid into the main com- 
partment of one flask. The final bicarbonate was obtained from 
the other flask in which propionyl-CoA (or water) was tipped in 
at the start and acid, at the end of incubation. 


* A similar enzyme has been isolated from chicken liver (17). 
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Fic. 4. Reversibility of propiony] carboxylase reaction: net 
formation of ATP. Samples contained (in wmoles): Tris buffer, 
pH 7.6, 100; MgCl2, 4; GSH, 2; ADP, 2; potassium phosphate, 2; 
methylmalonyl CoA (MM CoA) 0.6; glucose, 5; TPN,0.5; propiony] 
carboxylase (Step 6, Table I), either 60 or 120 ug. as shown; and 
an excess of hexokinase and glucose-6-P dehydrogenase. Final 
volume, 1.0ml. Temperature, 30°. Reaction started by addition 
of methylmalonyl-CoA. Second arrow on upper curve, a further 
addition of 0.6 umoles of methylmalonyl-CoA. The experiment 
of the lower curve (with 60 ug. of propionyl carboxylase) was run 
without phosphate for 10 minutes after the addition of methyl- 
malonyl-CoA, then 2 wmoles of phosphate were added at the time 
indicated by the arrow. 


TABLE V 
Formation of propionyl-CoA from C'4-methylmalonyl-CoA 


The samples contained (in wmoles) Tris buffer, pH 7.6, 100; 
MgCl2, 4; GSH, 2; ADP, 2; potassium phosphate, 2.5; 3-C'4- 
methylmalonyl-CoA, 1 (12,000 ¢.p.m.); glucose, 5; TPN, 0.5; an 
excess of hexokinase and glucose-6-P dehydrogenase; and pro- 
piony] carboxylase (Step 6) as indicated. Final volume, 1.0 ml. 
Incubation, 12 minutes at 30°. Isolation of hydroxamates as de- 
scribed under ‘‘Methods.”’ 


Products formed 


Propiony] carboxylase 


ATP* Propionohydroxamic acid 
ug. c.p.m. | pmoles 
0 0 242 0.02 
180 0.125 | 1475 0.12 


* Determined spectrophotometrically as in the experiments of 
p 
Fig. 4. 3 


Incorporation of P®-Orthophosphate and C4-ADP into AT P— 
After incubation the reaction mixtures were treated with enough 
hydrochloric acid to bring the pH to 2.0, and, upon addition of 
2 umoles of carrier ATP if none was originally present, the nu- 
cleotides were adsorbed on Norit and eluted with ethanol-am- 
monia (19). This was followed by paper chromatographic sep- 
aration in the isobutyric acid-ammonia system (20) with use of 
Whatman No. 3 MM paper. The nucleotide spots were cut out 
and eluted with 0.1 nN HCl, and the radioactivity of the eluates 
was determined with an end window counter. In some experi- 
ments the incorporation of phosphate into ATP was followed by 
determining the P® bound into organic compounds. This is 
given by the radioactivity remaining in the protein-free filtrate 
after removal of the orthophosphate by conversion to ammonium 
phosphomolybdate and extraction with isobutanol (21). 
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Isolation of Hydroxamates—For identification and quantita- 
tive determination of the acyl-CoA derivatives formed from 
propionyl or methylmalonyl-CoA, the incubated reaction mix- 
tures were treated with 1.0 ml. of 2.0 m salt-free hydroxylamine 
(22) and incubation was continued for 15 minutes. The samples 
were then acidified with hydrochloric acid and dried in vacuum. 
The hydroxamates were extracted with ethanol and separated 
by paper chromatography in the isoamyl alcohol-formic acid 
system (2). The hydroxamate spots were located with a ferric 
chloride spray (23) and eluted with 50 per cent ethanol. Authen- 
tic hydroxamates were used as markers. 


Preparations 


Crystalline pyruvic kinase (‘‘fluorokinase’’) was prepared from 
rabbit muscle as previously described (4). Crystalline hexo- 
kinase and purified glucose 6-phosphate dehydrogenase were 
gifts of Mr. H. Penefsky and Mr. D. Couri, The Public Health 
Research Institute of the City of New York. Crystalline lactic 
dehydrogenase was purchased from C. F. Boehringer and Sons, 
Mannheim, Germany. 

Methylmalonic acid and methylmalonic acid labeled with C™“ 
in the methyl group were samples previously prepared by Dr. M. 
Flavin and Dr. H. Castro-Mendoza (2). Methylmalonyl-CoA 
either unlabeled or labeled with C'™ was prepared from the cor- 
responding methylmalonic acid according to Beck et al. (12). 
Propionyl- and succinyl-CoA were prepared according to Simon 
and Shemin (24). The concentration of the acyl-CoA deriva- 
tives in solution was determined by the method of Lipmann and 
Tuttle (25). Propionohydroxamic and succinomonohydroxamic 
acids were prepared by reaction of the corresponding anhydrides 
with neutral hydroxylamine. Methylmalonomonohydroxamic 
acid was prepared according to Flavin and Ochoa (2). 

Crystalline ATP, ADP, and other nucleotides were obtained 
from the Sigma Chemical Company, St. Louis, and the Pabst 
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Laboratories, Milwaukee; reduced glutathione from the Schwarz 
Laboratories, Mount Vernon, New York; and phosphoenolpyru- 
vate (silver-barium salt) from Boehringer and Sons. DEAE- 
cellulose was purchased from Eastman Organic Chemicals, Roch- 
ester, New York, and alumina gel Cy from the Sigma Chemical 
Company. Protamine sulfate was a gift from the Lilly Research 
Laboratories, Indianapolis. C-labeled potassium carbonate 
and P*-labeled phosphate were obtained from the Research 
Specialties Company, Berkeley, California, and the Oak Ridge 
National Laboratory, respectively, on allocation from the Atomic 
Energy Commission. 8-C'-ADP was obtained from the Schwarz 
Laboratories. Chromatographic analysis (19) showed that it 
contained 1 to 2 per cent ATP and 3 to 4 per cent AMP. Bar- 
ium salts were converted to potassium salts as previously de- 
scribed (4). 


SUMMARY 


1. The propionyl coenzyme A (CoA) carboxylation system 
was purified about 500-fold from pig heart extracts with no reso- 
lution into separate enzymes for CO: activation and propionyl- 
CoA carboxylation. The reaction is probably catalyzed by a 
single enzyme which is referred to as propionyl carboxylase. 
The purified enzyme contains no biotin and no dissociable co- 
factors appear to be involved in the reaction. 

2. Evidence is presented that propiony! carboxylase catalyzes 
the reversible reaction of adenosine triphosphate, CO2, and pro- 
pionyl-CoA to adenosine diphosphate, orthophosphate, and 
methylmalonyl-CoA. 

3. There is no evidence for an activation of CO, by adenosine 
triphosphate in the absence of propionyl-CoA. The mechanism 
of action of propiony! carboxylase is discussed. 


Acknowledgment—We wish to thank Dr. Charles Gilvarg for 
helpful discussions during the course of this investigation. 
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Since gas phase chromatography has proved to be so much 
tem | more effective than the best methods of fractional distillation for 
eso- | separation of complex mixtures, this technique is being applied 
nyl- | to further investigation of fractions of acids from the lipides of 
VY & | tubercle bacillus, which have been separated previously by dis- 
ase. | tillation and other techniques. The present report is concerned 
co- | with preliminary separation of fractions previously termed the 
C..,C:y components and with identification of the unsaturated 
yzeS | 18-carbon acid present in these fractions. 

pro- In each of the lots of tubercle bacillus which has been investi- 
and | gated in these laboratories, the fatty acids from the lipides have 
been found to present a similar gross composition. There were 
sine | always present a large percentage of palmitic acid, a somewhat 
ism | higher molecular weight fraction termed the Cis, Ci» fraction, and 
a third fraction consisting of a complex mixture of acids with 
more than 20 carbon atoms. The only component of the latter 
for | fraction which has been separated in what is believed to be a 
homogeneous condition is the physiologically active, intensively 
investigated Cx-phthienoic acid (1). The Cis, Cis fraction from 
one lot of bacteria has been investigated with some thoroughness 
(2) and reported to consist of approximately 49 per cent tuber- 
anp | culostearic acid, 19 per cent stearic acid, and 32 per cent of a 
normal octadecenoic acid. This same fraction of acids (Lot I, 
bio- | Table I) has now been subjected to gas chromatography on sili- 
| cone grease as partitioning agent. This agent separates largely 
-M. | onthe basis of vapor pressure, hence the saturated and unsatu- 
rated 18-carbon components appear in the same band. The 
Bio- | finding of 42.5 per cent of tuberculostearic acid and 49 per cent 
of Cis components is in rather good agreement with the previ- 
ously reported (2) results; however, the gas chromatography re- 
12, | veals the presence of small amounts of three additional acids. 
Of these, one is palmitic acid present in definitely detectable 
3i0- | smount in spite of the fact that its ester boils about 20 degrees 
below the boiling point range! of the fraction under investigation. 
, 35 | More than half of the minor constituents consists of an ester 
whose retention time is the same as that of the n-heptadecanoate. 
Thus, the presence of n-heptadecanoic acid is highly probable; 
520 | however, separation of sufficient amounts of this and other com- 
ponents below the C2 level to allow positive identification will 


* This investigation was supported in part by a research grant 
(No. E-86) from the National Institutes of Health, United States 
Public Health Service. 

‘It should be emphasized that the fractions examined in this 
paper had been distilled in a 4-foot column designed especially for 
distillation of small amounts at low pressure and high tempera- 
ture. 


be reported in a subsequent paper. On the basis of retention 
time, the minor component between the palmitic and n-heptadec- 
anoic esters is likely to be the ester of a branched 17-carbon 
acid, although a very highly branched acid with 18 carbons is 
possible. 

Also included in Table I are the results of chromatography of 
the Cis,Ciy fractions from three additional lots of bacteria. It 
will be noted that in Lots II and III the pattern of acids is sur- 
prisingly similar to that of Lot I, with the heptadecanoate always 
present in much larger amounts than the branched isomers. The 
meaning of “‘trace’”’ may be judged from the illustrative recorder 
tracings in Fig. 1. Chromatography of the two fractions from 
Lot III illustrates the rapid shift of composition with rise in 
boiling point. The fraction from Lot IV, which was chromato- 
graphed, represents a 1l-degree cut with the boiling point of 
methyl stearate from a particularly careful fractional distillation. 
This did indeed eliminate the acids with less than 18 carbons; 
however, more than one-fourth of the material consists of frac- 
tions below or above stearate. It may be noted, further, that 
the concentration accomplished by the narrow cut in fractional 
distillation has raised to several per cent the content of ester 
which is probably that of a branched 18-carbon acid. 

In the earlier investigation (2) of the acids from Lot I of bac- 
terial cells, it was demonstrated that the unsaturated 18-carbon 
acid has the normal chain (isolation of stearic acid after hydro- 
genation); however, the position of the unsaturation was not 
established in this work or in earlier work (3, 4). Determination 
of this position becomes of interest since the careful investigations 
of Hofmann et al. (5-8) have shown that several microorganisms 
produce vaccenic acid rather than the oleic acid so common in 
higher plants and animals. These microorganisms included Lac- 
tobacillus arabinosus (5), Lactobacillus casei (6), a Streptococcus 
species (7), and Agrobacterium tumefaciens (8). Surprisingly 
enough, the unsaturated acid in all four lots of tubercle bacillus 
proved to be oleic acid, and there could be detected no other 
unsaturated acid in the Cis fraction.? 

The position of unsaturation in the octadecenoic acid was de- 
termined by ozonolysis of the Cis fraction separated by gas 


2 In the material from Lot IV of bacterial cells, there were ob- 
served, in gas chromatography, a few per cent of degradation 
products which would result from double bonds at the 8,9 and 
10,11 positions. It seems highly probable that this represents a 
few per cent of migration of the double bond to the adjacent posi- 
tions, as a result of the prolonged heating during distillation (per- 
haps from failure to remove last traces of mineral acid before one 
of the distillations). 
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Fatty Acids from Tubercle Bacillus 


TABLE I 
Gas chromatography of certain fractions of methyl esters of acids isolated from lipides of tubercle bacillus 
Tracings were obtained from the injection of about 15 wl. of the ester mixture into a 3-m. X 15-mm. (outer diameter) Pyrex glass 
column. Partitioning agent was high vacuum silicone grease dispersed on 30-60 mesh Celite fire-brick (4 parts grease: 10 parts Celite.) 
Column temperature was 270°; helium pressure, 17.7 cm. of mercury; flow rate, 145 ml. per minute. A thermal detection cell was used, 
Illustrative tracings (Lots I and II) are shown in Fig. 1. 
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Retention times of observed bandsf and per cent of total area 


Lot of bacteria* Boiling point 
°C./3 mm, 
I 175-184 14.5 16.5 
(2.0) (1.5) 
II 173-184 14.0 15.8 
(11.5) (1.5) 
III 168-175 14.8 
(33.5) (Trace) 
III 175-181 14.7 
(6.0) (Trace) 
IVt 175-176 
Known esters 15.0 
| Palmitic 
Probable identity Palmitic Branched 
of unknowns | Ci 


| | 
18.8 23.7 | 27.6 
(5.0) (49.0) | (42.5) 
18.4 23.4 26.7 
(17.0) (Trace) (49.0) | (21.0) 
19.0 23.8 27.5 
(16.0) (Trace) (43.5) | (7.0) 
19.0 23.7 | 27.6 
(4.0) (55.5) | (34.5) 
21.2 24.6 27.7 
(5.5) (71.5) | (23.0) 
19.3 25.5 | 
n-Ci7 Stearic | 
n-Cy7 Branched Stearic Tuberculo- 
Cis Oleic§ | stearic 


* Refer to ‘‘Experimental”’ for further description of the fractions of esters utilized and references to original isolations. 

Tt Retention time is taken as time elapsing between injection of the sample and the maximum in the peak traced by the recorder. 
These times are reproducible to about 1 minute in 25 minutes, but a larger band gives a slightly longer retention time. 
times become shorter as the column ages from long use at high temperature; however, correction for column aging may be accomplished 
by reference to known esters and adjustment of temperature or gas flow. Since the molecular weight range in these fractions is small, 
per cent of total area under a given band, as recorded in the table, is close to the weight per cent of that component in the mixture. 


Figures in parentheses refer to per cent of total area. 


t About one-fourth the area recorded in this tracing was under a series of bands of very short retention times. 
sumed to have distilled as an azeotrope, was not further investigated, and the total area used for calculations was that of the bands | 


of longer retention times, as recorded in the table. 


§ With the partitioning agent used, methyl oleate has a slightly shorter retention time than does methy] stearate; however, a known 


mixture of the two esters was not separable in the column used. 


chromatography. This method of oxidation, followed by detec- 
tion of products by gas chromatography, was adopted after ex- 
tensive examination of various methods of oxidative degradation. 
This type of degradation has recently been examined by James 
and Webb (9), who concluded that the best procedure is oxida- 
tion with permanganate in acetic acid. These authors noted 
that the products of this type of oxidation include numerous 
lower homologues of the acids resulting directly from cleavage 
at the double bond; however, they reported that other methods, 
including ozonolysis, also gave lower degradation products and 
offered no advantages. In the present investigation, in which 
oleic acid or its ester was examined in model experiments, the 
extensive degradation occurring in permanganate oxidation has 
been confirmed; however, ozonolysis has been found to give a 
clean cut oxidation to the primary products contaminated with 
negligible amounts of lower homologues. In early experiments, 
ozonolysis appeared to yield large amounts of the next lower 
homologues to the primary oxidation products; however, it was 
subsequently established that this impression was received be- 
cause an aldehyde has the same retention time in gas chromatog- 
raphy as does the ester of an acid with one less carbon atom. 
It has proved difficult if at all possible to completely oxidize the 
aldehydes obtained on ozonolysis, to the corresponding acids, 
when silver oxide is used as the oxidizing agent. Thus, chroma- 
tography of the esterified material gives double peaks for each 
degradation product, one for the ester and one for the aldehyde. 
A representative tracing from ozonolysis of methy] oleate, fol- 


Retention 


This material, pre- 


lowed by silver oxide oxidation and esterification, is illustrated 
in Fig. 2. Also included in this figure is a representative tracing 
from degradation of the Cys fraction from one lot of tubercle 
bacillus. The tracings from degradation products of the Cy 
fractions from the other lots of bacteria were equally free from 
bands indicating any location? for the double bond besides the — 
9,10 position. 

In the course of the investigation of ozonolysis, it was discov- 
ered that the simplest method of treating the ozonide is to de- 
compose it with water, then directly chromatograph the result- 
ing product. This procedure gives a high yield of aldehydes, 
with only traces of acids. It has also been reported in a recent | 
patent (10) that decomposition of ozonides with water produces 
aldehydes in good yield unless the pH of the solution is high. 
One of the tracings in Fig. 2 illustrates the homogeneity of the 
neutral degradation products obtained in this way. 

The elegant method recently reported (11) for cleavage of 8 
double bond by permanganate-catalyzed periodate oxidation in 
aqueous medium has also been examined, and the products were | 
subjected to the highly sensitive analysis by gas chromatography. | 
As illustrated by one of the tracings in Fig. 2, the primary degra-! 
dation products are obtained in a highly homogeneous condition; | 
the content of secondary products is considerably less than 1 per 
cent. Unfortunately, good results could be obtained by this} 


method only in aqueous solution, hence the salt of the acid must; 
be used. When methyl oleate was used in aqueous pyridine as’ 
solvent, according to the method which has been described (12), 
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Fic. 1. Recorder tracings from gas chromatography of esters of 
Cis, Cig fraction of acids from two lots of tubercle bacillus. For 
details of the chromatography, refer to Table I. In the upper 
curve (Lot IL) may be noted the deflection due to a trace of ester 


_ with retention time between the peaks for the esters of Ci and 


Cys acids. 


gas chromatography revealed that about 77 per cent of the oleate 
- was recovered. Also ineffective in our hands was the osmium 
 tetroxide-catalyzed periodate oxidation, utilizing a two-phase 


mixture of ether and water as solvent (13). In this instance, 


— recovery of oleate was about 95 per cent. Thus, ozonolysis fol- 


lowed by simple decomposition of the ozonide with water appears 


the most generally useful method for locating the position of un- 
saturation. In instances where an acid may be used in water 
solution, the periodate-permanganate oxidation is equally satis- 


factory. 


EXPERIMENTAL 


The ester fractions used for the presently described investiga- 


tions had been obtained, in work previously described, by ex- 
traction of the bacterial cells with alcohol-ether, saponification 


of the extracted lipides, and finally fractional distillation of the 
methyl esters of the acids recovered from the saponification. 
There follows identification of the four lots of bacterial cells 
supplying esters for the separations recorded in Table I, and 


references to the earlier isolations. 


Lot I: Strain H-37 grown on Long’s medium; esters were Frac- 


.| tions 5 to 7, Fig. 2 in (2). 


Lot Il: Culture M-920 of a strain isolated in 1899 by Ravenel 
and Gilliland, grown on veal medium with 5 per cent glycerine; 
esters were Fraction 3, Table II, in (14). 

Lot III: Cell residues from preparation of old tuberculin, with 
strain DT; esters were Fractions 3 and 4, respectively, Table I, 
in (14), 

Lot [V: A human strain grown on Long’s medium; esters were 
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TIME (min) 

Fic. 2. Recorder tracings from gas chromatography of oxida- 
tion products of unsaturated esters. The column was that de- 
scribed in Table I. Helium pressure was 20 to 20.5cm. of mercury; 
flow rate, 180 to 190 ml. per minute. Curves I and III were re- 
corded at 245°, Curve II at 225°, and Curve IV at 250°. The initial 
off-seale band in each curve is due to the benzene used as solvent 
for the material injected. Curve I: ozonation of methyl oleate, 
oxidation of products with silver oxide, followed by esterification 
of total products. Curve IJ: products from Cis fraction separated 
by the chromatography shown in Fig. 1, Curve J, and oxidized by 
same procedure described for Curve I. Curve III: ozonation of 
methyl oleate, followed by decomposition of ozonide with water; 
neutral product chromatographed. Curve IV: esterification of to- 
tal product from permanganate-catalyzed periodate oxidation of 
methyl oleate. 


the first half of Fraction 10 (of b.p. indicated in Table I), Fig. 1 
in (2). 

Procedure for Ozonation—In 14 ozonations of methyl oleate, 
the effectiveness of the degradation was found to be rather in- 
sensitive to temperature or solvent, and absorption of ozone was 
quite slow after about 1 equivalent had been absorbed. In most 
of the runs, the products obtained after decomposition of the 
ozonide with water were oxidized with silver oxide, then esteri- 
fied. Gas chromatography of the resultant mixture of aldehydes 
and esters (Fig. 2, Curves I and [J) fixed the position of the 
double bond with certainty. This procedure was used for ozona- 
tion of the C,, fractions separated by gas chromatography (ef. 
Table 1). In some runs, the product obtained by decomposition 
of the ozonide with water was not oxidized. Separation of the 
small amount of acid and chromatography of the neutral mate- 
rial vielded a single band for each degradation product (cf. Fig. 
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2, Curve III). A typical procedure for ozonation of methyl 
oleate is described; it may be applied to samples of 20 mg. or less. 

A solution of 92.8 mg. (0.31 mmole) of methyl] oleate? in 60 ml. 
of chloroform (dried over calcium chloride and distilled) was 
cooled to —60° in a Dry Ice-acetone bath. Ozone in oxygen 
was passed through the solution for 1 minute, 42 seconds at the 
rate of 0.185 mmole of ozone per minute. The total of 0.31 
mmole of ozone was absorbed. After the solution had been 
kept at —60° for one-half hour it was allowed to come to room 
temperature and immediately subjected to oxidation with silver 
oxide in presence of water. Decomposition of the ozonide by 
heating with water before silver oxide oxidation did not alter 
the results. 

For preparation of silver oxide, excess 0.5 N potassium hy- 
droxide was added to a solution of 152 mg. (0.92 mmole) of silver 
nitrate in 10 ml. of water. The precipitate was washed three 
times with water by decantation, then suspended in 10 ml. of 
water. This suspension (pH 8 to 9) was added to the solution 
of ozonide, and the two-phase solution was stirred under reflux 
for 3 hours. Extending the period of stirring to 3 days reduced 
the amount of aldehyde remaining unoxidized but did not elimi- 
nate it. The cooled reaction mixture was acidified to Congo 
red with 6 nN hydrochloric acid, then stirred for one-half hour. 
During this stirring period, the colloidal silver becomes adsorbed 
on the precipitated silver chloride. The chloroform layer was 
separated and the aqueous phase was extracted with two 60-ml. 
portions of chloroform. The combined extracts were washed 
with two portions of water and evaporated at reduced pressure 
and a bath temperature below 50°. The residue, which consisted 
of 119.5 mg. of colorless oil, was esterified by heating under reflux 
for 2 hours with 15 ml. of methanol containing 10 per cent by 
weight of sulfuric acid. The esterification mixture was diluted 
with 10 volumes of water and extracted with three 50-ml. por- 
tions of ether. After the extract had been washed and dried it 
was evaporated at reduced pressure with a bath temperature 
below 40° (to avoid excessive loss of monobasic ester and mono- 
aldehyde). The residue of 102 mg. of slightly yellow esters was 
dissolved in 1 ml. of benzene, and 0.06 ml. of this solution was in- 
jected into the 3-m. X 15-mm. (outer diameter) column for gas 
chromatography. At 255°, with helium flow of 170 ml. per min- 
ute, retention times were: pelargonic aldehyde, 3:10 (minutes, 
seconds) ; pelargonate, 3:40; aldehyde ester of azelaic acid, 5:50; 
azelate, 7:20. No other peaks were observed. Retention times 
of known samples of methyl pelargonate and dimethyl azelate 
were found to check those observed for the degradation products. 
Known compounds were chromatographed each time that degra- 
dation products were run; the oxidation products shown in Fig. 
2, Curve IV, were frequently used for reference. When chroma- 
tography was carried out at higher temperature, no significant 
band was observed at the retention time of methy] oleate. 

In the run whose product was chromatographed as shown in 
Fig. 2, Curve III, the ozonide was decomposed by stirring the 
methylene chloride solution under reflux with water only. Ina 


’ The methyl oleate was a commercial sample which had been 
distilled through a 75-cem. Podbielniak type of column contain- 
ing a tantalum wire spiral, b.p. 183-185°/4.5 mm. Gas chromatog- 
raphy showed only traces of material other than oleate; retention 
time in the 3-m. column was 26 minutes at 265°, with a helium flow 
rate of 180 ml. per minute. The chromatography on silicone 
grease would not detect a minor impurity of linoleate; however, 
presence of this substance would not interfere with interpreta- 
tion of the results of ozonolysis. 
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run in which were used 200.8 mg. of methyl] oleate, there were 
recovered from the methylene chloride solution 203.8 mg. of 
product, which was separated by countercurrent extraction in a 
three-stage Kies apparatus (15) to yield 9.9 mg. of acidic material 
and 187.4 mg. of neutral material. Chromatography of the 
neutral material gave the recording reproduced in Fig. 2, Curve 
III. When this neutral material was dissolved in methylene 
chloride and oxidized with silver oxide as described above, chro- 
matography showed bands for the two esters as well as the two 
aldehydes. 

Oxidation with Permanganate-Periodate.—(a) Water solvent: 
In a procedure similar to that described by Lemieux and Rudloff 
(11), there was stirred for 24 hours at room temperature a solu- 
tion, in 400 ml. of water, of 282 mg. (1 mmole) of oleic acid, 414 
mg. (3 mmoles) of potassium carbonate, 1.536 gm. (8 mmoles) 
of periodic acid, 320 mg. (8 mmoles) of sodium hydroxide, and 
22 mg. (0.135 mmole) of potassium permanganate. At the end 
of the reaction period, there was added excess sodium bisulfite 
and 10 ml. of 6 N sulfuric acid, then the resultant colorless solu- 
tion was extracted continuously with benzene. The acids re- 
maining after evaporation of the benzene were esterified to vield 
301.5 mg. of esters which were chromatographed to yield the 
tracing shown in Fig. 2, Curve IV. When this mixture was 
chromatographed at 285°, with a helium flow rate of 145 ml. per 
minute, the band for recovered oleate was observed at 16:10 
(known sample at 16:05), and the area under this band was only 
5 per cent of the total area under the three bands; therefore, 
oxidation of oleate was nearly complete. 


(b) Aqueous pyridine solvent: In a procedure slightly different | 


from that described by Rudloff (12), a solution of 240 mg. (0.81 
mmole) of methyl oleate in 25 ml. of pyridine was added to a 
solution of 1.48 gm. (6.4 mmoles) of periodic acid dihydrate and 


18 mg. (0.114 mmole) of potassium permanganate in 20 ml. of — 
water. Finally, there was added a solution of 870 mg. of potas- © 


sium carbonate in 5 ml. of water, and the red solution was stirred 


at room temperature for 30 hours (some white solid precipitated © 
after about 30 minutes). At the end of the reaction period, 60 — 
ml. of 6 N sulfuric acid were added with stirring and cooling, | 
then the mixture was extracted with three 60-ml. portions of © 
ether. After the extract had been washed and dried, solvent — 
was removed to leave 212.4 mg. of yellow oil. This was esteri- — 
fied and chromatographed in the usual fashion. There were ob- | 
served bands for both aldehydes and esters from degradation (as | 


in Fig. 2, Curves I and IJ), but 77 per cent of the total area under 
all bands was in that corresponding to methyl oleate. Thus, 
about three-fourths of the oleate remained unattacked, and part 


of that oxidized yielded aldehydes (or possibly esters of the acids | 
which are next lower homologues of the acids obtained as primary | 


degradation products). 


SUMMARY 


The fraction of esters previously termed the Cis, Cis fraction, 
from four lots of tubercle bacillus, has been examined by use of | 


gas phase chromatography. In each, similar components were 
found, although in varying ratios. In addition to palmitic, 
stearic, and tuberculostearic acids, there were also present smaller 


amounts of three other acids whose esters had retention times | 
between palmitic and stearic esters. These components are | 
probably a branched C,; acid, the normal C,; acid, and a branched | 


Cis acid. 
Ozonolysis of the Cis fraction separated by chromatography 


| 

t 

| 
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from each lot showed that the unsaturated Cis acid is oleic acid 
in each instance, not vaccenic acid as found in other microor- 
ganisms. 

Investigation of several methods for location of a double bond 
by oxidation and gas chromatography of the degradation prod- 
ucts has indicated that ozonolysis is usually the most convenient 


and effective. Decomposition of the ozonide with water yields 
aldehydes as degradation products accompanied by less than 10 
per cent of acids. If an unsaturated acid, which may be dis- 
solved in aqueous alkali, is being oxidized, periodate-permanga- 
nate oxidation is also convenient and gives homogeneous degra- 
dation products. 
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into Palmitic Acid by the Pigeon Liver System* 
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Evidence has been presented that acetyl CoA! (2), malonyl 
CoA (3), malonyl “X”’ (4) and palmityl CoA (5) are intermedi- 
ates in the synthesis of fatty acids by the pigeon liver system. 
Additional studies with this system (6) and with other systems 
(7-10) have also implicated other coenzyme A esters in this 
process. However, direct proof of the participation of these 
esters in the synthesis of fatty acids by the pigeon liver system is 
lacking. 

In the present study an attempt was made to determine 
whether the C, unit of butyryl CoA is incorporated intact into 
fatty acids by the pigeon liver system. This compound had 
been implicated in several previous studies. Langdon (7) dem- 
onstrated the presence of an enzyme, in a soluble rat liver sys- 
tem capable of synthesizing long-chain fatty acids from acetate, 
which couples the reduction of crotony! CoA to butyryl CoA 
with the oxidation of TPNH. Gibson and Jacob (6), using the 
same enzyme preparation as the authors, reported activity for 
all of the enzymes necessary to convert acetate to butyryl CoA. 
Hele et al. (8) identified butyryl hydroxamate, synthesized from 
acetate, in a soluble rabbit mammary gland system that synthe- 
sizes predominantly short-chain fatty acids. DeWaard and 
Popjak (9) subsequently stated that the activated form from 
which the hydroxamate was derived was an acyl CoA compound. 
Earlier, Shaw et al. (10) reported that butyryl CoA is essential 
for the synthesis of radioactive long-chain fatty acids from 2-C"- 
labeled pyruvate in a rat liver mitochondrial system. 

In the present paper, conditions are established for the incor- 
poration of C™ of 1-C'-butyrate, or of 1-C™-butyryl CoA into 
the long-chain fatty acids synthesized by the pigeon liver sys- 
tem. The incorporation of the C, unit as an intact moiety into 
these acids is then shown through assays of the C™ content of 
the carboxyl carbon of palmitic acid synthesized from 1-C"™- 
acetate and 1-C'-butyrate. The ratio of C™ of carbon 1 to 
C* of all carbon atoms is } to } as great for palmitic acid from 
1-C-butyrate as for palmitic acid from 1-C'-acetate. 


* This work was supported in part by research grants, A-1383, 
from the National Institute of Arthritis and Metabolic Diseases 
of the National Institutes of Health, United States Public Health 
Service, and 47-2611 from the American Heart Association. A 
preliminary account of this investigation has been reported (1). 

1 The abbreviations used are: CoA, coenzyme A, esterified form; 


CoASH, coenzyme A, free reduced form; R,, Re, and Ry, enzyme 
fractions precipitated from pigeon liver supernatant solution by 
0 to 25, 25 to 40 and 50 to 65 per cent of saturation with ammonium 
sulfate. 


EXPERIMENTAL 
Materials 


Chemicals—The chemicals used in this investigation, with the | 
exception of C-labeled butyryl CoA, were commercial products | 
1-C'-acetate and 1-C'4-butyrate were obtained from the; . 
Nonradioactive palmitic acid} 
was purchased from the California Foundation for Biochemical | 


(11). 
Volk Radiochemical Company. 


Research. 


1-C"4-butyryl CoA—C"-labeled butyryl CoA was synthesized | 
enzymatically from 1-C'*-potassium butyrate, ATP, and CoASH, | 
in the presence of MnCl, and phosphate buffer, with beef liver | 


fatty acid thiokinase. It was extracted from the incubation 
mixture with phenol-benzyl alcohol (3:1) (12), lyophilized to 


dryness, dissolved in a small volume of water, and chromato: | 
The mate- | 
rial having coincidence of radioactivity and ultraviolet light ab- | 
sorption, Rp about 0.80, was eluted with water, lyophilized, and — 


graphed on paper with ethanol-sodium acetate (13). 


redissolved in a small volume of water. 


Enzymes—Enzyme fractions Ri, Re, and Ry were prepared | 


from pigeon liver as previously reported (14). Beef liver fatty 
acid thiokinase, fraction B, was obtained as described by Mahler 
et al. (15). 

Carbonate-free Reagent Solutions—All CO;,-free water was pre- 
pared by heating distilled water to 90-100° for 1 hour. 


for later use. 


Approximately 0.5 N carbonate-free sodium hydroxide was 
prepared according to the following recommended directions | 
NaOH pellets, 7 gm., were dissolved in 7 ml. of water, | 
It was allowed | 
The | 
carbonate precipitate was separated from the supernatant solu- | 


(16). 
and the resulting syrup was mixed until uniform. 
to stand, for a short time, protected from atmospheric COs». 


tion by two centrifugations with a clinical centrifuge. After the 


second centrifugation the upper two-thirds of the solution, ap- } 
proximately 6 ml., was taken, and diluted to 200 ml. with COr | 


free water. 

A saturated solution of barium chloride and a 5 per cent solu- 
tion of potassium permanganate in 0.5 N sulfuric acid were also 
made with CO,.-free water. 
in stock bottles stoppered with tightly fitting rubber stoppers. 


Methods 


System for Synthesis of Fatty Acids—The fatty acid synthesis f 


ing system used in these experiments was the same as that used 
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It was 
then transferred to a stock bottle, tightly stoppered, and kept 


All of the above reagents were kept | 


3 
f 
7 
‘ 
| « 
2 


ised | 
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previously (5), except that 10 umoles of potassium citrate were 
used in place of 5 wmoles of potassium isocitrate. Exogenous 
nonradioactive acetate was not added to incubation mixtures 
when 1-C*-butyrate was the substrate. 

Analysis of Reagents—Concentrations de solutions were deter- 
mined as reported earlier (11). 

Calibration of 1-C'-butyryl CoA—Two 0.05-ml. aliquots of a 


~ solution of C'-butyryl CoA were treated as follows: 0.05 ml. of 
- water, 0.10 ml. of glacial acetic acid, and 9.8 ml. of ethy] ether 


were added to the first aliquot. After thorough mixing, 0.10 
ml.-aliquots of the ethyl ether solution were taken for measure- 
ment of radioactivity. To the second 0.05 ml.-aliquot, 0.05 ml. 


of 1 N potassium hydroxide was added and the solution was 
heated at 80° for 15 minutes. Then 0.10 ml. of glacial acetic 
~ acid and 9.8 ml. of ethyl ether were added. After thorough mix- 


ing, 0.10 ml.-aliquots of the ethyl ether solution were taken for 
measurement of radioactivity. All counting of radioactivity 
was done with a Packard TriCarb liquid scintillation spectrom- 


| eter as indicated in a subsequent section. The difference be- 
tween the total counts per minute before and after saponification, 
- multiplied by the appropriate dilution factor, was used as the 


measure of radioactivity in butyryl CoA. The specific radio- 
activity was obtained after measurement of hydroxamate forma- 
tion (17). A molar extinction value of 1 x 10° at 520 my was 


used for the ferric complex formed with the hydroxamate com- 
pound. 


Anaerobic Incubations—1-C'-butyrate was incubated ana- 
erobically, in either of two ways, with the standard fatty acid 
synthesizing system supplemented with beef liver fatty acid thio- 
kinase. In one method, nitrogen was bubbled through the incu- 


bation mixture to remove dissolved oxygen and to displace air 


in the 12-ml. conical centrifuge tube. The tube was then stop- 


pered tightly with a close-fitting rubber stopper. ,In the other 
~ method, specially made tubes, containing the incubation mixture, 


were sealed to a glass manifold connected to a mercury vapor 


_ diffusion pump, frozen, and then degassed. The samples were 


then thawed at 5°, frozen, and degassed twice more before they 
were finally sealed closed. Large scale incubations were made 
under each of the above conditions for periods of 14 to 4 hours. 

Determination of Total Acids—The total quantity of long-chain 
fatty acids synthesized by the reconstructed pigeon liver system 
from either 1-C'*-acetate, 1-C'*-butyrate, or 1-C'-butyryl CoA 
was determined as reported previously (14), except that samples 
were counted as indicated in the following paragraph. 

Counting of C'*-labeled Fatty Acid Samples—Aliquots of the 
petroleum ether-soluble acids synthesized from 1-C'-acetate, 1- 
C'-butyrate, or 1-C'-butyryl CoA were added to counting vials 
and evaporated to dryness. Residual C'-butyric acid was re- 
moved under a jet of air for a period of 1 hour. Toluene, 10 ml., 
containing 1.5 gm. of 2,5-diphenyloxazole per liter, was added to 
each counting vial, and counts were made after the samples 
stood for 30 minutes in a refrigerated cabinet in the dark. All 
samples were counted for 2 minutes in a Packard TriCarb liquid 
scintillation spectrometer. 

Chromatography of Petroleum Ether-soluble Acids—Identity of 
the acids in the petroleum ether extract was determined by chro- 
matography on Whatman No. 4 filter paper by descending tech- 
nique in the kerosene-85 per cent acetic acid system (18). 

Measurement of Radioactivity on Paper Chromatograms—Radio- 
activity on paper strips was determined with a Nuclear gas flow 
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strip counter. Tracings of the radioactivity were made with 
an Esterline-Angus recorder which was driven synchronously 
with the movement of the strip through the detection apparatus. 

Recovery of C'4-labeled Citric Acid from Incubation Mixtures— 
The incubation mixture was centrifuged in a clinical centrifuge, 
after heat denaturation of the protein. The supernatant fluid 
was removed and saved, and the precipitate was washed with 
water. The combined wash and supernatant fluid was lyophi- 
lized to dryness. Concentrated HCl, 0.20 ml., was added to 
the flask along with ethyl ether and the flask was rinsed thor- 
oughly. The ether phase was removed, evaporated to dryness, 
and a jet of air was blown over the residue for 2 hours to remove 
HCl. The C-labeled citric acid was redissolved in a little ethyl 
ether and applied to paper for chromatographic separation. 

Chromatographic Separation of C-labeled Citric Acid—Citric 
acid was chromatographed on Whatman No. 1 filter paper by 
ascending technique in the amy! alcohol-formic acid system (19). 

Procedure for Preparing C-labeled Palmitic Acid for Decar- 
boxylation—The incubation mixture was saponified, acidified, 
and the petroleum ether-soluble acids were extracted. The 
extract was evaporated to dryness and any C!*-labeled butyric 
acid present was removed by exposure to a jet of air for 1 hour. — 
The residue was redissolved in 10 per cent alcoholic KOH-water 
(1:1) and nonsaponifiable compounds were extracted with pe- 
troleum ether and then discarded. After acidification, C'-pal- 
mitic acid was re-extracted with petroleum ether. Carrier non- 
radioactive palmitic acid, 50 to 60 mg., was added and further 
purification was accomplished through 5 recrystallizations from 
petroleum ether. One ml. of solvent was used per crystalliza- 
tion, and the temperature differential was +40° to —20°. An 
International refrigerated centrifuge, 6-place high speed head 
and 7-ml. Pyrex centrifuge tubes, was used for the centrifuga- 
tions. The specific radioactivity of each sample was determined 
from counts of radioactivity of small aliquots and the weight of 
the entire sample. 

Decarboxylation of C'*-palmitic Acid—Samples of C'*-palmitic 
acid prepared as outlined above were decarboxylated by the 
method of Phares (20). 

Counting Samples of BaC%O;—Precipitated barium carbonate 
samples were centrifuged, washed twice each with CO,.-free water, 
absolute ethanol, and ethyl ether, and then counted as a suspen- 
sion in’ toluene-phosphor-Thixcin? gel in the liquid scintillation 
spectrometer (21). In preparing the sample, 10 ml. of the tolu- 
ene-phosphor-Thixcin gel was added to a counting bottle. Dry 
powdered BaC™O; was then added on top of the gel and the 
mixture was stirred with a glass rod. More, 12 ml., of the gel 
was added, and the bottle was capped tightly and shaken briefly. 
This suspension was counted in the liquid scintillation spectrom- 
eter. Dispersion of the BaC™QO, particles was imperfect, as evi- 
denced by slight clumping in the mixture. 


Results 


Incorporation of C™“ from Butyryl CoA into Long-chain Fatty 
Acids—Table I shows that C™ from 1-C'-butyryl CoA is incor- 
porated into the fatty acids synthesized by the pigeon liver sys- 
tem. Specific radioactivities of both C-butyryl CoA and C"- 
butyrate were 600,000 c.p.m. per umole; 120,000 c.p.m. and 0.20 
umole were added to each assay tube. In the case of butyryl 


2 The Baker Castor Oil Company, New York, N.Y. 
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TaBLe [ 
Incorporation of C'* of Cs substrates into long-chain fatty acids 
Standard assay systems with labeled substrate and additional 
enzyme, as noted, were incubated 20 minutes at 38° in air. The 
specific radioactivities of C'4-butyrate and C'4-butyryl-CoA were 
both 600,000 ¢.p.m. per umole. 


Incorporation of Butyryl Unit into Palmitic Acid 


Components present in addition to standard 


fatty acid synthesizing system Total acids 


c.p.m./sample 


0.20 wmole 1-C'*-butyryl-CoA............... 13,970 
0.20 zmole 1-C"4-K butyrate................. 2,100 
0.20 umole 1-C'*-K butyrate + 2 mg. fatty 


* Beef liver fatty acid thiokinase, fraction B, as described by 
Mahler et al. (15). 


CoA, 23.3 mumoles of substrate, or about 12 per cent of the 
total, was converted to long-chain acids. This is approximately 
7 times the amount of C4-butyrate converted in this experiment. 
Introduction of beef liver fatty acid thiokinase considerably in- 
creased the amount of C'-butyrate incorporated into fatty 
acids. A short incubation time, 20 minutes, was employed in 
this experiment because an enzyme is present in the pigeon liver 
preparation which deacylates butyryl CoA to free butyrate and 
CoASH. The rate of deacylation occurring in the standard as- 
say system (5.5 mg. of enzyme protein) is 0.4 to 0.5 wmoles per 
hour at 38°. This rate was determined by incubation of 1-C™- 
butyryl CoA in phosphate buffer, pH 7.0, with and without the 
pigeon liver enzymes. C'-butyric acid was extracted from the 
supernatant solutions with ethyl ether, after deproteinization of 
the test system with perchloric acid, and the difference in ra- 
dioactivity of the extracts was determined. In subsequent ex- 
periments the incubation time was extended to several hours 
through the continuous generation of C'-butyryl CoA from 1-C"- 
butyrate in the presence of the thiokinase enzyme. 

A component study showed that incorporation of C™ into the 
long-chain acids is dependent upon the same cofactors and en- 
zyme fractions as required for fatty acid synthesis from 1-C'- 
acetate (11). Similarly, it was found that approximately 90 per 
cent of the C™ from butyryl CoA appeared in unesterified long- 
chain acids (5). Experimental data on the omission of acetate 
from the system are not given because acetyl CoA is formed 
from citrate and CoA, in the presence of ATP and manganese, 
by this system. The formation of acetyl CoA by pigeon liver 
“high-speed”’ supernatant was reported earlier by Srere and Lip- 
mann (22). All four of the above mentioned components are 
required for fatty acid synthesis in the currently used pigeon 
liver system. However, an isotope dilution effect was consist- 
ently observed when exogenous nonradioactive acetate was added 
to incubation mixtures containing C'-butyryl CoA, and incuba- 
tions were made either aerobically or anaerobically. 

Identification of Labeled Palmitic Acid as Product—The princi- 
pal product of synthesis from C'™-butyryl CoA, as from C"-ace- 
tate, is free palmitic acid. The product was identified by chro- 
matography in the kerosene-85 per cent acetic acid descending 
system, and by recrystallization to constant specific radioactivity 
from petroleum ether with added nonradioactive palmitic acid. 
Of the C™ originally present in the petroleum ether extract of 
the incubation mixture, 80 per cent was in palmitic acid, based 


3 Dr. D. M. Gibson, personal communication. 
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on specific radioactivity measurements made initially and after 
the fourth recrystallization. 

Oxidation of Butyryl CoA—It was found early in the course of 
this work that the carboxyl carbon of palmitic acid, synthesized 
from 1-C4-butyryl CoA, contained considerable C4. From cur. 
rent knowledge of fatty acid oxidation and synthesis it was pre. 
sumed that some butyryl CoA was being oxidized to acetyl CoA 
by the system. Further experimental support for this assump- 
tion was obtained through incubation of 1-C'-butyryl CoA, 


pigeon liver enzymes, purified citrate-condensing enzyme, DPN, | 


CoASH, oxalacetate, and carrier citrate. An ethyl ether ex. 


tract of the incubation mixture contained a compound that chro- | 
matographed on paper as citric acid (Rp 0.26) in the amy! aleo- | 
hol-formic acid system. This compound could not be isolated } 
when incubation was carried out in the absence of the pigeon | 


liver enzymes. C"-citric acid used as a control on the chroma- 
tograms was synthesized enzymatically from oxaloacetate and 
1-C'4-acetyl CoA in the presence of condensing enzyme, carrier 
potassium citrate, and phosphate buffer. 

Decarboxylation Experiments—Large scale anaerobic incuba- 
tions were carried out with the standard fatty acid synthesizing 


system, minus the addition of exogenous acetate. The mixture | 


was supplemented with 0.20 umole of 1-C'-potassium butyrate 
and 2 mg. of beef liver fatty acid thiokinase per assay. After 
incubation the long-chain acids were extracted and palmitic acid 
was prepared for decarboxylation as described under “Methods.” 
Titration data showed that the nonradioctive palmitic acid used 
as carrier was of a high degree of purity. 


Table [I presents data which show that practically complete | 
decarboxylation, and recovery of COs, occurred when C'*-palmitic } 
acid was decarboxylated. Previous blank determinations, made | 
under identical conditions except that C'-palmitic acid was not | 


TaBLeE II 
Summary of decarboxylation experiments (A) 


C'4-palmitie acid was synthesized from 1-C'*-acetate or 1-C'- 
butyrate by the pigeon liver system under the following condi- 


tions of incubation: (1-2) several samples containing 1-C'*-ace- | 


tate were incubated in air. Other samples containing 0.20 umole 


of 1-C'4-butyrate and supplemented with 2 mg. of beef liver fatty | 
acid thiokinase per assay were incubated anaerobically, and ona | 
(3-4) Fifty-eight combined samples were divided | 
into six portions and incubated under nitrogen for 90 minutes. | 
(5-6) Twenty combined samples were divided into six portions | 
At the end of | 


larger scale. 


and incubated in the degassed system for 4 hours. 
the incubation period each mixture was saponified, acidified, and 
the petroleum ether-soluble,acids were extracted. Samples of 
purified C'4-palmitie acid were prepared for decarboxylation from 
the extracts as described under ‘‘Methods.”’ 
Titration data on carrier palmitic acid: 3.93 wmoles per mg. 
Theoretical: 3.91 wmoles per mg. 


14 itic aci Weight te Per cent 
Source of C!*-palmitic acid recovery 
mg. mg. 
(3) 1-C'4-butyrate, nitrogen......... 36.2 36.4 100 
(4) 1-C'4-butyrate, nitrogen......... 35.7 35.8 100 
(5) 1-C'4-butyrate, degassed......... 36.3 36.7 101 
(6) 1-C'4-butyrate, degassed......... 36.4 36.0 99 
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added to the reaction flask, yielded a quantity of barium car- 
honate too small to recover and weigh. 

A further summary of the results of the decarboxylation ex- 
periments is found in Table III. Column | gives the specific 
radioactivity expected (E) on the assumption that } of the total 
radioactivity is in the carboxyl carbon; column 2 gives the spe- 
cific radioactivity determined (D); column 3 gives the ratio of 
determined to expected; and column 4 gives the relative ratio. 


It is calculated by dividing the D:F ratio for butyrate by the 
 D:E ratio for acetate. 
self-absorption. 


No attempt was made to correct for 
It was assumed to be approximately equal in 
all samples since approximately the same weights of barium car- 


- bonate were used and the method of grinding and dispersing the 
precipitate in the counting fluid was standardized. The pre- 
— ejsion of results obtained between duplicate samples indicates 


that this assumption is valid. The relative ratios show that 
1 to 4. as much C" is present in the carboxyl carbon of palmitic 


acid synthesized from 1-C'-butyrate as is present in that syn- 
thesized from 1-C'*-acetate. 
- eubation a value of approximately 1:2 is obtained for the rela- 


Under aerobic conditions of in- 


tive ratio. 

It is evident from the above facts that the butyryl moiety of 
a high percentage of the butyryl coenzyme A molecules is in- 
corporated into palmitic acid without prior oxidation to acetyl 
CoA. The percentage is higher, as expected, under anaerobic 
than under aerobic incubation. 


DISCUSSION 
Through experiments in vivo with rats and mice, Rittenberg 
and Bloch (23) showed that the over-all mechanism of synthesis 


of long-chain fatty acids in animals is by successive head-to-tail 
eondensations of acetate units. 
- (24) demonstrated the net synthesis of long-chain fatty acids 
from acetate in vitro using the soluble pigeon liver system. 


More recently Porter and Tietz 


The results reported in this paper show that C™ from 1-C™- 
butyryl CoA is incorporated into palmitic acid by the pigeon 


_{| liversystem. Further, they show that some of the butyryl CoA 
js cleaved to C2 units, through oxidation, before conversion to 
palmitic acid. An appreciable amount of C™ appeared in the 


None would have been present 
The 
finding that butyryl CoA is oxidized by the pigeon liver system 


carboxy] carbon of palmitic acid. 


was not surprising, since similar findings have been reported for 


the soluble rat liver (7) and rabbit mammary gland systems (8). 
The major portion of the butyryl units of C'*-butyryl CoA is in- 
corporated intact into palmitic acid under anaerobic conditions. 


The finding that the isotope concentration of the carboxyl car- 


bon, relative to that of the other carbons of palmitic acid, is 3 
to 4 times higher for C'-palmitic acid synthesized from 1-C'- 
acetate than for the same compound synthesized from 1-C"- 
butyryl] CoA, proves conclusively that the butyrate portion of 
butyryl] CoA is incorporated as an intact unit. If only two 


- routes exist for the introduction of C'™ from 1-C'™-butyryl CoA 


into palmitic acid, namely as C2 or C, units, and taking 1:4 as 


- the relative ratio of isotope concentrations as mentioned earlier, 


then approximately 31; (1:8 xX 1:4) of the total radioactivity 
incorporated under anaerobic conditions is present in the car- 
boxyl carbon. An equal quantity would be expected in each odd- 
numbered carbon atom. The quantity in carbon 13, the fourth 
position from the end opposite the carboxyl group, would then 
be 2 + a1, or %§ (78 per cent) of that in the entire molecule. If 
a value of 1:3 is used for the ratio in the above calculations, the 


R. W. Long and J. W. Porter 


TABLE III 
Summary of decarborylation experiments (B) 


The expected specific radioactivity (SRA) of BaC'™O;, column 
1, based upon the assumption that one-eighth of the total ¢.p.m. 
would be in the carboxyl carbon, was calculated by dividing the 
total radioactivity of the C'*-palmitice acid sample by 8 and mul- 
tiplving the quotient by a factor of 0.83. The latter factor cor- 
rects for the difference in counting efficiencies between the tolu- 
ene-phosphor system in which C'*-palmitice acid is counted and 
the toluene-phosphor-Thixcin-barium carbonate system used to 
count C'4in barium carbonate. The counting efficiencies for the 
various counting systems employed were determined with stand- 
ard C'*-benzoie acid. hey were as follows (in per cent): tolu- 
ene-phosphor, absolute counting efficiency (CE) = 55; toluene- 
phosphor-Thixcin, absolute CE = 50 and relative CE = 91, as 
compared to a value of 90 reported in the literature (21); toluene- 
phosphor-Thixcin plus 25 to 50 mg. of barium carbonate, average 
relative CE = 838. 


—-—— 


| SRA i iv 
(1) 134 | 99 
(2) 145 0.74 
(3) 119 | 29.2 | 0.25 | 9 9. 
(4) 117 | 28.2 | 0.24 . 
(5) 99 | 20.5 | 0.21 
(6) 102 | les | 


specific radioactivity determined. 
specific radioactivity expected. 


percentage of the total in the number 13 carbon atom would 
be 71. 

The evidence reported in this paper is not absolute proof that 
butyryl CoA is a true intermediate on the pathway of synthesis 
of palmitic acid from acetate. However, if it is not, the butyrate 
portion is capable of being converted to another form which is a 
true intermediate at the C, level. 


SUMMARY 


1. Incorporation of C from 1-C'-butyryl CoA into long-chain 
fatty acids by the pigeon liver system has been demonstrated, 
and labeled palmitic acid has been identified as the chief product 
of synthesis. 

2. Evidence is presented that some butyryl CoA is cleaved to 
acetyl CoA before incorporation into palmitic acid. 

3. The isotope concentration of the carboxyl carbon, relative 
to that of the other carbon atoms, of C'-palmitic acid synthe- 
sized from 1-C'-acetate is three to four times as high as that of 
C'*_palmitic acid synthesized from 1-C'-butyrate under anaero- 
bic conditions in the standard assay system supplemented with 
beef liver fatty acid thiokinase enzyme. This finding is con- 
clusive proof that the majority of butyryl units of butyryl CoA 
are incorporated intact into palmitic acid by the pigeon liver 
system. 

4. The results reported are suggestive, but not conclusive, 
that butyryl CoA is a true intermediate in the biosynthesis of 
fatty acids. 
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donic acid (6). 
tions of unsaturated fatty acids in animal tissues would seem to 
argue against this hypothesis. A more likely possibility is that 
-5,8,11-eicosatrienoic acid is actually a dehydrogenation product 


water. 
and bled, and their livers, kidneys, spleens, hearts, testes, and 
depot fat removed and frozen at once in dry ice. 


Metabolism of Essential Fatty Acids 


VIII. ORIGIN OF 5,8,11-EICOSATRIENOIC ACID IN THE FAT-DEFICIENT RAT* 


ARMAND J. FuLco anp JAMES F. MEaApD 


From the Department and Laboratories of Nuclear Medicine and Radiation Biology, 
School of Medicine, University of California, Los Angeles, California 


The fat deficiency disease in the rat (1), dog (2), and chick (3) 
js characterized in part by sharply increased concentrations of 
one or more trienoic acids in the tissues, as indicated by alkali 
isomerization analyses. Indeed, the increase in conjugatable 


triene in the mitochondrial fatty acids may be the first notice- 


able symptom of the onset of fat deficiency (4). The major 


triene component of the fat deficient rat has been characterized 
as 5,8,11-eicosatrienoic acid (5). 
triene during fat-deficiency disease has been found to parallel 


Since the increase in this 


roughly a decrease in arachidonic (5,8, 11, 14-eicosatetraenoic) 


acid, the suggestion has been made that triene was formed by 


hydrogenation of the double bond in the 14 position of arachi- 
However, the work to date on the transforma- 


of oleic acid as has been suggested by several workers (7,8). A 


transformation of this type, involving chain lengthening by two 


carbons and the introduction of two methylene-interrupted dou- 
ble bonds, is exemplified by the conversion of linoleic to arachi- 


_donie acid in the animal body (9). 


The experiments reported in this paper were designed to test 


the hypothesis that oleic acid, in an analogous series of trans- 
formations, is converted to 5,8,11-eicosatrienoic acid in the fat- 
deficient rat. 


EXPERIMENTAL 


Treatment of Animals.—Nineteen male albino rats, which had 
been maintained on a fat-free diet (10) from weaning until they 


reached a growth plateau (17 weeks) were given intraperitoneal 


injection of 0.2 mc. (0.07 mM) each of sodium-1-C™-acetate in 
Four hours after being injected, the rats were etherized 


Isolation of Oleic and Eicosatrienoic Acids.—After lyophili- 
zation, the tissues were extracted with 5:1 methylal-methanol 


(15 mi. per gm. of dried tissue) in a motor driven homogenizer, 


and the lipides obtained were saponified to yield 31.5 gm. of fatty 
acids. A preliminary crystallization of the fatty acids at —75° 
from a liter of acetone gave precipitate F-1 (24.3 gm.), and a 
soluble fraction, F-2 (7.2 gm.). F-1 was then dissolved in 350 ml. 
of acetone and the saturated fatty acids were crystallized out of 


*This paper is based on work performed under contract No. 
AT-04-1-GEN-12 between the Atomic Energy Commission and the 
University of California at Los Angeles. 
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solution at —30°. The soluble fraction was concentrated to 200 
ml. and then cooled to —50° to yield as a precipitate 11.2 gm. of 
oleic acid of 90 per cent purity by weight! (Fig. 1). F-2, which 
contained the polyunsaturated fatty acids, as well as large 
amounts of oleic and palmitoleic acids, was recrystallized at —80° 
from 150 ml. of acetone to yield a precipitate (4.2 gm.) contain- 
ing oleic and palmitoleic acids, and a soluble fraction, F-3 (3.0 
gm.) containing the polyunsaturated fatty acids but still con- 
taminated with considerable quantities of oleic and palmitoleic 
acids. Attempts to further reduce the percentage of monoenoic 
acids in F-3 by repeated crystallizations from more concentrated 
acetone solutions were unsuccessful since, unexpectedly, the 
solubilities of eicosatrienoic acid and of the monoenoic acids 
were quite similar. 

In order to obtain trienoic acid from F-3, a combination of gas- 
liquid and liquid-liquid partition chromatography was used. 
Approximately 1.5 gm. of F-3 were converted to the methyl es- 
ters and fractionated (11) in 100 to 300 mg. batches on the gas 
column at 215° (Fig. 24). The Co polyenoic concentrate thus 
obtained contained considerable amounts of column packing 
material and most of this was removed by elution of the concen- 
trate from a silicic acid column with 4 per cent ether in pentane. 
The purified concentrate, 200 mg., (Fig. 2B) was a light yellow 
oil containing about 85 per cent by weight Co tetraenoic and 
trienoic methyl esters. The major contaminants were linoleate 


1 Gas chromatographic analyses were routinely used to deter- 
mine the composition of various mixtures of monocarboxylic acids 
(both saturated and unsaturated) or dicarboxylic acids. The 
methyl esters were prepared from the acids with diazomethane in 
ether at 0° and analyzed on an Aerograph Master A-100 gas chro- 
matographic instrument (Wilkens Instrument and Research, 
Inc.). The columns were of stainless steel, 4-inch inner diameter 
and 5 feet in length, and packed with LAC 446, a polyester of 
diethylene glycol and adipic acid, on a firebrick support. The 
carrier gas was helium and the operating temperatures ranged 
from 140 to 225°, depending on the sample. For quantitative 
determination of the composition of a mixture, the peaks obtained 
on a chromatogram were traced, cut out, and weighed. It was 
found that, with the exception of methyl arachidonate, the area 
under any peak was directly proportional to the weight of the 
methyl ester represented by that peak. Methyl arachidonate 
(Hormel) gave a peak size 20 per cent too small in area when com- 
pared to the other components in a known mixture. This may 
have been due to the presence of nonvolatile oxidation products in 
the samples of arachidonate used. Table I shows the results of a 
typical analysis obtained by this method. With unknown mix- 
tures, chromatogram peaks were first identified by comparison 
with those obtained from known acids. 
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Fic. 1. Gas-liquid chromatogram of oleic concentrate methyl 


esters. /, laurate; 2, myristate; 3, palmitate and palmitoleate; 
4, oleate. 
TABLE 
Analysis of standard fatty acid mixture by 
two chromatographic methods 
Mole per cent in mixture 
Acid 
Gas-liquid Liquid-liquid 
60 
A 

20L 32 

x 7 6 

> 777 \6 

20 

32 

5 4 

T T T T 7 T T 
24 20 16 12 8 4 


TIME (MINUTES) 


Fic. 2. Gas-liquid chromatograms of the methyl esters of (A) 
polyunsaturated concentrate and (B) Coo polyunsaturated concen- 
trate obtained by gas-liquid fractionation of the above. Arrows 
indicate where fraction was cut. 1, Cig monoenoic; 2, C:s mono- 
enoic; 3, Cig dienoic; 4, Cis trienoic; 5, Ceo dienoic; 6, Coo trienoic; 
7, Coo tetraenoic. 


and oleate along with smaller amounts of palmitoleate, a Cis 
triene and a Ce diene. It was later shown that traces of the 
polyadipate column packing were also present. 

Preliminary experiments with inactive polyunsaturated fatty 
acid concentrates and with synthetic eicosatrienoic acid showed 
that eicosatrienoic acid could be readily separated from arachi- 
donic, linoleic, and palmitoleic acids by reversed-phase chroma- 
tography. Thus, the C2zo polyenoic methyl ester concentrate 
was saponified to yield the free fatty acids and these were chro- 
matographed (Fig. 3) in several batches on the reversed-phase 
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Fic. 3. Reversed-phase chromatogram of the Coo polyunsatu- 
rated fatty acids. A, tetraenoic acid peak and B, trienoic acid 


peak. 


column as described previously (9). A total of about 90 mg. of 
trienoic acid was obtained from the two runs and a gas 
chromatographic check on a small sample revealed no contamina- 
tion from arachidonic, linoleic, palmitoleic, or octadecatrienoic 
acids. The eicosatrienoic concentration was estimated at 90 
mole per cent with the remainder consisting of approximately 
equal amounts of oleic and eicosadienoic acids. 

Permanganate Oxidation of Oleic and Eicosatrienoic Acids.— 
Since the oleic acid obtained by acetone and ether crystalli- 
zations contained chiefly saturated fatty acids as contaminants, 
it was oxidized directly without further purification. The oxi- 
dation procedure was an adaption of that used by Haverkamp 
Begemann et al. (12). Oleic acid (0.97 gm.) was dissolved in 
10.5 gm. of glacial acetic acid and, with mechanical stirring, 2.5 
gm. of powdered reagent grade potassium permanganate were 
added in small portions over a period of 5 hours. After reaction 
was complete, the mixture was diluted to 50 ml. with water, and 
potassium metabisulfite was added to reduce manganese dioxide 
and excess permanganate. The solution was then made strongly 
acid with sulfuric acid and the mono- and dicarboxylic acids were 
selectively extracted with pentane and ether, respectively. The 
methyl esters of the two fractions were then analyzed and puri- 
fied by gas chromatography (Figs. 4 and 5). Nonanoate and 
azelate of better than 99 weight per cent purity were obtained 
by this method. 


The oxidation of the eicosatrienoic acid obtained by reversed- | 


phase chromatography was carried out as for oleic acid except 


that 360 mg. of potassium permanganate were used to oxidize | ° 
45 mg. of triene and the reaction was carried out over a 6-hour | 
The mono- and dicarboxylic acids obtained from the | 


period. 
pentane and ether extractions? were analyzed as the methyl 
esters by gas chromatography (Fig. 6). 

Stepwise Degradations of Hydrogenated Oleic and Trienot 


2 The aqueous solution (100 ml.) containing the dicarboxylic | | 


acids was extracted with eight 100-ml. volumes of ether. How- 


ever, the dicarboxylic acids containing 6 or less carbon atoms were | 
incompletely extracted and corrections had to be applied to obtain [ 
A study of the ether-aqueous phase | 
partition coefficients with the use of a model system of known | 
composition indicated that the extracted reaction mixture still } 
contained 5.25 per cent total adipic, 23.4 per cent of the total | 
glutaric, 29.1 per cent of the total succinic, and essentially all of | 


accurate analytical results. 


the malonic acids. 


100 S 
| | 
tad 
a. 
x= 
x 
= 
© 0.30 
O. 
0.20 
_j 0.10 
= 0.00 
FRACTION 30 40 50 60 70 80 90 
| A-55 | A-65 
| dit 
ut 
A 
| ra 
| mi 
me 
ac 
th 
| 
te 
sq 
acl 
sa 
ng 
bo 
the 


0. 6 


lis.— | 


‘alli- 
ints, 
OXI- 
amp 
d in 


June 1959 A.J. Fulco and J. F. Mead 1413 
100 100 
+4 
=x 
= q 
q > 
20, 20L 32 L 21 
| 5 4 
T T T T 
12 8 4 i2 8 4 8 4 12 8 4 


TIME (MINUTES) 


Fic. 4. Gas-liquid chromatograms of the methyl esters of the 
monocarboxylic acids obtained by oxidation of oleic concentrate. 
(4) original sample and (B) purified sample. 1, heptanoate; 2, 
octanoate; 3, nonanoate. 
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Fic. 5. Gas-liquid chromatograms of the methyl esters of the 
dicarboxylic acids obtained by oxidation of oleic concentrate. 
(4) original sample and (8B) purified sample. /, azelate and 2, 
undecanedioate. 


Acids—A sample of the active oleic acid was hydrogenated over 
5 per cent palladium on charcoal and the resulting stearic acid 
was freed from lower homologues by reversed-phase chromatog- 
raphy. The purified stearic acid (21.5 mg.) was diluted to 221 
mg. with inactive stearic acid and this was degraded by the 
method of Dauben et al. (9, 13) to margaric acid and benzoic 
acid, the carboxy carbon of which represented carbon atom 1 of 
the original oleic acid. 

Similarly, hydrogenated trienoic acid was freed from traces of 
stearic acid by reversed-phase chromatography. The purified 
: arachidic acid (16.5 mg.) was diluted to 326 mg. with inactive 
arachidic and degraded to margaric acid and three successive 
samples of benzoic acid, the carboxy carbons of which represented 


| carbon atoms 1, 2, and 3, respectively, of the original trienoic 
acid. After removal of the first two carbons of arachidic acid, a 
sample of the resulting stearic was purified and saved for count- 


ing. 
RESULTS AND DISCUSSION 


Table Ii shows the relative amounts of the mono- and dicar- 
boxylic acids resulting from oxidation of oleic acid. Nonanoic 
acid was derived only from oleic acid and hence is a measure of 
the amount of oleic acid in the original mixture. On the other 


hand, heptanoic acid was derived from the terminal 7 carbons of 


TIME (MINUTES) 


Fic. 6. Gas-liquid chromatograms of the methyl esters of the 
acids resulting from the oxidation of trienoic concentrate. (A) 
monocarboxylic acids: 1, hexanoate; 2, heptanoate; 3, octanoate; 
4, nonanoate; 5, decanoate (?). (B) dicarboxylic acids: 1, mal- 
onate; 2, succinate; 3, glutarate; 4, adipate; 5, pimelate; 6, suber- 
ate; 7, azelate. 


TaBLeE II 
Acids resulting from oxidation of oleic concentrate 


| Mol Mole 
afl Cc oie ic Oo 
Acid carbon — per cent* Acid carbon per cent 
atoms atoms 
Heptanoic...... 7 8.7  Azelaic 95.3 
Nonanoic....... 9 91.3 Undecanedioic 11 4.7 


* Corrected for overoxidation. Inthe process of oxidation with 
permanganate in acetic acid, some overoxidation occurs. Under 
the experimental conditions employed, this amounts to about 10 
per cent for the monocarboxylic acids. With the exception of glu- 
taric acid, there is no significant overoxidation of the dicarboxylic 
acids. Glutaric, however, may be overoxidized as much as 15 per 
cent tosuccinic acid. It must be emphasized, however, that over- 
oxidation (as examined in control experiments) does not occur 
with the free acids but with some intermediate following or during 
the attack of a double bond system by permanganate. 


TABLE III 
Composition of oleic concentrate (unsaturated acids) 


Acid Mole per cent 
Oleic (9-octadecenoic) 91.3 
Vaccenic (ll-octadecenoic). . 4.7 
Palmitoleice (9-hexadecenoic) 4.0 


both palmitoleic acid, present as an impurity in the original mix- 
ture, and 11-octadecenoic acid, a positional isomer of oleic acid. 
The mole per cent of undecanedioic acid in the dicarboxylic acid 
fraction fixes the amount of 11l-octadecenoie acid in the original 
mixture and, by difference, also allows us to calculate the amount 
of palmitoleic acid that was present. Table III gives the com- 
position of unsaturated acids in the original mixture. For count- 
ing, the highly purified nonanoate and azelate (Figs. 4B and 5B) 
were used. 

Tables [V and V reveal the relative amounts of the mono- and 
dicarboxylic acids resulting from the oxidation of eicosatrienoic 
acid. Bearing in mind that the original eicosatrienoic acid mix- 
ture contained about 90 per cent eicosatrienoic acid with eicosa- 
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dienoic and oleic acids being the only detectable contaminants, 
we can readily deduce the structure and relative composi- 
tion of the acids in the original mixture. The only mono- 
carboxylic acids arising from the oxidation of the eicosatrienoic 
acid mixture were nonanoic and heptanoic acids. Non- 
anoic acid would arise from oleic and 5,8,11-eicosatrienoic acids 


TaBLe IV 


Monocarborylic acids resulting from oxidation 
of trienoic concentrate 


Mole per cent 
Acid Carbon atoms 
Corrected for 
Actual overoxidation 
SEALE 10 trace trace 
9 82.8 92.7 
8 9.0 0 


TABLE V 
Dicarboxrylic acids resulting from oxidation of trienoic concentrate 


Mole per cent 
Acid Carbon atoms 
| 

8 4.9 4.9 
6 4.0 (4.0)* 


* Adipic acid was shown by control experiments to be an arti- 
fact arising from the polyadipate packing of the gas chromato- 
graphiccolumn. Hence it was disregarded in calculating the mole 
percentage of the other dicarboxylic acids. 


TABLE VI 


Composition of trienoic concentrate 


Acid | Mole per cent 
S1-82.5 
8,11-Eicosadienoic................ | 4.8-5.0 
7.1-7.3 
Oleic (9-octadecenoic).................. | 5.4-5.6 


TABLE VII 


C'4 activity of various acetone and ether fractions* 


Fraction D.p.s. per mg. 


F-] (saturated plus oleic). ....... 
F-3 (polyunsaturated plus palmitoleic)....... 


* The counting of all samples was performed with a Tracerlab 
CE-1 liquid seintillation counter as described previously (14). 
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and from 8,11-eicosadienoic acid if present. Heptanoiec acid 
could arise from 10,13-eicosadienoic acid or from 7,10, 13-eieo. 
satrienoic acid. The presence of 10,13-eicosadienoic acid jg 
ruled out, however, since no sebacic (Cio-dicarboxylic) acid jg 
found among the oxidation products. On the other hand, we 
do find pimelic (C;-dicarboxylic) acid in an amount corresponding 
almost exactly with the amount of heptanoic acid. This, then, 
indicates the presence of 7,10, 13-eicosatrienoic acid in the orig. 
inal mixture. The eicosadienoic acid must have been the 8,1] 
compound, a conclusion which is confirmed by finding the ex. 
pected amount of suberic (Cg-dicarboxylic) acid. It will be 
noted that oleic acid, 8,11-eicosadienoic acid, and 5,8, 11-ejco- 
satrienoic acid all give nonanoic acid on oxidation, but that 
each gives rise to a different dicarboxylic acid. Thus the rela. 
tive amounts of azelaic, suberic, and glutaric acids allow us to 
calculate the amounts of oleic, 8,11-eicosadienoic, and 5,8, 11- 
eicosatrienoic acids, respectively, in the original mixture. The 
fact that the total mole per cent of azelaic, suberic, and glu- 
taric acids (92.9 per cent) corresponds almost exactly with the 
mole per cent of nonanoic acid (92.7 per cent) further substan- 
tiates the validity of this reasoning. The composition of the 
original mixture is show in Table VI. 

Table VII gives the activities of various acetone and ether 
fractions and Table VIII gives the activities of the various oxida- 
tion and degradation products of oleic and 5,8, 11-eicosatrienoic 
acids. It should be noted that the arachidic acid which was de- 
graded presumably arose from a mixture containing 87.3 per cent 
5,8,11-eicosatrienoic acid, 5.2 per cent 8,11-eicosadienoic acid, 
and 7.5 per cent 7,10,13-eicosatrienoic acid. The 8,11-eicosa- 
dienoic acid and 5,8,11-eicosatrienoic acid should both have the 


TaBLe VIII 


C' activity of various oxidation and degradation products of oleic 


and 5,8,11-eicosatrienoic acids 
Oleic acid | 5,8,11-Eicosatrienoic acid | 
Nonanoic (carbon at- 4.60 | Nonanoic (carbon at- | 2.96t 
oms 10-18) | oms 12-20) | 
Azelaic (carbon at- 7.17 Arachidie (hydroge- 22.1 
oms 1-9) mated eicosatrie- 
| noice) | 
Stearic (hydrogenated = 11.77T | Benzoie (carbon atom | 14.2 
oleic) | ee | 
Benzoic (carbon atom | 2.73 | Benzoic (carbon atom | 0.41 
1) | a | 
Margaric (carbon at- 9.17 | Stearic (carbon atoms 8.08 
oms 2-18) | | 3-20) | 
| Benzoic (carbon atom | 1. 85§ 
| 3) 
~Margarie (earbon at- 6.23 


|  oms 4-20) 


* When applicable, activities are corrected for dilution of sam- 
ple with inactive material. 

+t Corrected for 1 per cent contamination of original oleic acid 
with stearic acid. 

t Corrected for 5.5 mole per cent nonanoic arising from oleic 
acid contamination in original eicosatrienoic acid mixture. 

§ Calculated by difference in activity between stearic and mar- 
garic. Not enough benzoic acid was obtained from carbon atom 
3 for purification and counting. 
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39.1 60.9 
Oleic acid 
77.9 22.1 


5,8, acid 

36.6 63.4 
H=CH—).—CH,—CH.— 
77.2 


Fic. 7. Distribution of activity in oleic acid and in the terminal 
iS carbons of 5,8, 11-eicosatrienoic acid. 


same label distribution, however, since presumably both arise 
fom the same precursor. For practical purposes, then, the dis- 
tribution of label in the arachidie acid can be considered as 
reflecting the actual label distribution in 5,8,11-eicosatri- 
enoic acid. The small amount of the 7,10,13 isomer present in 
the original mixture would not be expected to change signifi- 
cantly the label distribution in the arachidic acid from that de- 
rived solely from 5,8,11-eicosatrienoic acid. 

Fig. 7 shows the relative distribution of label in oleic acid and 
in the terminal 18 carbon atoms of 5,8,11-eicosatrienoic acid. 
It can readily be seen that the isotope distribution in the two 
moieties is essentially the same. The fact that 5,8, 11-eicosa- 
trienoic acid has a considerable amount of C™ activity distributed 
in the terminal 17 carbons of the molecule rules out the possi- 
bility that this acid could be derived from arachidonic acid (4, 6). 
On the other hand, considering the close agreement of label dis- 
tribution in oleic acid with the label distribution in the last 18 
carbons of 5,8,11-eicosatrienoic acid, we can conclude that oleic 
acid is the precursor of 5,8,11-eicosatrienoic acid in the fat-de- 
ficient rat. The intermediates in this process are at present un- 
known but the pathway recently proposed by Mead (15) seems 
the most likely, especially since evidence for the occurrence of 
one of the hypothetical intermediates, 8,11-eicosadienoic acid, 
has been presented (Table VI). Furthermore, if the conversion 
of oleic to eicosatrienoic acid is analogous to the conversion of 
linoleic to arachidonic acid, then we would expect formation of 
Cis dienoic rather than a Coo monoenoic acid to be the first 


+2C 


A. J. Fulco and J. F. Mead 


| 
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step in the process. The possible routes of biosynthesis of 5,8, 
11-eicosatrienoic acid from oleic acid are shown in Fig. 8 with the 
pathway favored by the authors indicated by the heavy arrows. 

A further point of interest is to be found in Table VI. The 
finding of heptanoic acid as 7.3 per cent of the monocarboxylic 
acids derived by oxidation of the C2o triene fractions and of pi- 
melic acid as 7.1 per cent of the dicarboxylic acids from the same 
source is strong evidence for the existence of 7,10, 13-eicosa- 
trienoic acid in the fat-deficient rat. The terminal double bond 
in this acid is located in the same position as that of palmi- 
toleic acid, a major fatty acid in the fat-deficient rat (16). With 
the knowledge that oleic acid can serve, in the fat-deficient 
animal, as a source of polyunsaturated acids, the likelihood that 
palmitoleic acid could function similarly is strengthened. Thus, 
it now appears evident that the polvunsaturated acids of the 
animal body are not necessarily the products of exogenous di- and 
trienoic acids, but can be synthesized from the monounsaturated 
acids and, ultimately, from acetate. Whether cis-12-octadec- 
enoic acid can, under certain conditions, serve as a source of lin- 
oleic acid, will be revealed by further experiments. 


SUMMARY 


The polyunsaturated fatty acids from male fat-deficient rats 
given injections of acetate-1-C'™ were concentrated by low tem- 
perature crystallization from acetone, and 5,8, 11-eicosatrienoic 
acid was isolated from the concentrate by gas-liquid and liquid- 
liquid partition chromatography. Part of the triene was oxi- 
dized at the double bonds to yield pelargonic, malonic, and glu- 
taric acids. Another sample was hydrogenated and degraded 
one carbon at a time to margaric acid. By similar methods, 
oleic acid was isolated and samples were oxidized and degraded. 
The oxidation and degradation products from trienoic and oleic 
acids were purified and counted, and the activities of various 
portions of the two molecules were compared. The results show 
that oleic acid is the precursor for 5,8,11-eicosatrienoic acid in 
the fat-deficient rat. A probable intermediate in this trans- 
formation, 8,11-eicosadienoic acid, was also found as well as a 
small amount of a second triene, 7,10,13-eicosatrienoiec acid, 
which presumably is formed from palmitoleic acid. 


OOH 


Oleic acid 


—2H 


CH:—(C H2)7—CH=C H—(C H:),—C OOH 
+2C 


| 6, 9-octadecadienoic 


8, 11-eicosadienoic 
| —2H 


11-eicosenoic 


3,6, 9-octadecatrienoic 
+2C | 


H==C 
5,8,11-eicosatrienoic acid 


Fic. 8. Possible pathways from oleic acid to 5,8, ll-eicosatrienoic acid 
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The Fractionation of Cholesterol Esters by 
Silicic Acid Chromatography* 
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(Received for publication, December 19, 1958) 


Within recent years, the technique of silicic acid chromatog- 
raphy to separate complex mixtures of lipides has been developed 
widely (1-3). At the present time it is possible to resolve some 
eight different classes of lipides ranging from hydrocarbons to 
phospholipides on a single column (4). In addition, this pro- 
cedure has been used to separate classes of phospholipides from 
one another (5). 

Our particular interest in the cholesterol ester fraction (6, 7) 
has led us to investigate the resolution of individual cholesterol 
esters by this means, and a method for obtaining four major 
categories has been developed. The technique compares favora- 
bly with destructive methods of analysis (7.e. ester hydrolysis 
and analysis of fatty acid components) while preserving the in- 
tact ester. Its application to model compounds and biological 
mixtures is illustrated. 


EXPERIMENTAL 


Analytical—Lipide extraction procedures have been described 
in an earlier publication (6). Bulk isolation of cholesterol esters 


- from natural sources was done by the method of Barron and 


Hanahan (3). Cholesterol determinations were made by the 


method of Sperry and Webb (8); polyunsaturated fatty acids 


were determined by alkali-isomerization (9). Synthesis of the 
cholesterol esters of saturated fatty acids was done according 
to the procedure of Swell and Treadwell (10); cholesterol oleate, 
linoleate, and arachidonate! were prepared by the oxaly! chloride 
method of Wood et al. (11). All cholesterol ester preparations 
were purified by silicic acid chromatography before recrystal- 
lization. Attempts to crystallize cholesterol arachidonate were 
unsuccessful. Melting points of the other esters were in satis- 
factory agreement with those listed by Page and Rudy (12). 
Column Preparation—As has been noted by other workers, the 


successful resolution of any lipide class depends upon the proper 


conditioning of the silicic acid; the separation of cholesterol 
esters is no exception in this respect. In general, we have found 
that the movement of the esters on the column is governed by 
three variables; (a) The polarity of the initial rinse used to condi- 
tion the silicic acid, (6) the polarity of the final conditioning 
rinse, and (c) the polarity of the elution solvent. Thus, if the 
silicic acid is conditioned by successive washes with ethyl ether, 


| 15 per cent benzene in hexane, and hexane, as recommended by 


Barron and Hanahan (3), 15 per cent benzene in hexane will 
then elute the cholesterol esters in a single symmetrical peak 


*This work was performed under the auspices of the United 
States Atomic Energy Commission. 

‘We wish to thank Dr. Ralph T. Holman for his generous gift 
of methyl arachidonate. 


beginning within 2 to 3 column volumes. On the other hand, 
if the silicic acid is merely washed with hexane, elution by the 
same benzene-hexane mixture will proceed very slowly; the front 
will emerge only after 10 to 15 column volumes, and there will 
be extensive trailing of the fraction. Experimentation revealed 
that after an initial wash with pure benzene, followed by pure 
hexane, elution with 13 per cent benzene in hexane would per- 
mit some separation of model cholesterol esters; however, the 
esters did not begin to appear in the eluate until 15 to 20 column 
volumes had passed through the column, and trailing between 
fractions was evident. When the polarity of the final rinse was 
increased to 5 per cent benzene in hexane, the emergence of the 
esters was advanced and the resolution sharpened. 

The final procedure selected was as follows: 5 gm. of silicie 
acid (Mallinckrodt 100 mesh, chromatographic grade) were 
placed in a 40-ml. centrifuge tube and benzene added in sufficient 
quantity to fill the tube. The silicic acid was suspended by 
frequent stirring during a 10-minute period and centrifuged. 
The supernatant was decanted and the silicic acid washed twice 
in the same manner with a mixture of 5 per cent benzene in 
hexane. A moderate amount of stirring is important during 
the washing procedure for thorough dispersion of the silicie acid. 
After the final wash, the silicic acid was resuspended in 5 per 
cent benzene in hexane and transferred by dropper to a glass 
column, 4.5 mm. in diameter and 450 mm. long, having a tapered 
tip in which a glass wool plug is tamped. After each addition 
of the slurry, the column was gently tapped to aid settling. Air 
pressure was applied to the top of the column, the initial pres- 
sure being no more than 2.5 to 3 pounds per sq. in. When the 
final column height of 40 cm. was reached (air pressure 5 to 6 
pounds per sq. in.), the column was covered with black tape for 
a distance of at least 2 em. above the top of the silicic acid in 
order to minimize possible actinic destruction of the sample. 
The cholesterol esters (usually 10 mg. or less) were applied to 
the column in a 5 per cent benzene in hexane solution and the 
column was washed with an additional 4 to 5 ml. of the same 
mixture. The column was then connected to a reservoir con- 
taining 250 ml. of 13 per cent benzene in hexane and the flow 
rate brought to 0.13 to 0.14 ml. per minute. Careful attention 
to detail in packing the column resulted in stable flow rates over 
the 24 to 36 hours required for fractionation. The entire ap- 


paratus was mounted on the swinging arm of an automatic frac- 
tion collector in such a manner that the drops were collected 
directly in the tubes without passing through a funnel, since the 
drop rate is equalled or exceeded by the evaporation rate of the 
The fraction volumes collected were 1, 
The 


solvent in the funnel. 
2, or 4 ml. as dictated by the subsequent requirements. 
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50 


100 
MILLILITERS 


Fic. 1. Separation of model cholesterol esters. The order of emergence is: cholesterol palmitate, cholesterol oleate, cholesterol lino. 
leate, cholesterol arachidonate. Total load, 9.21 mg. of ester as cholesterol. 


fractions were evaporated to dryness and the cholesterol content 
determined directly. Comparison of the results with those of 
hydrolyzed and digitonin-treated samples indicated complete 
agreement. 


RESULTS 


Qualitative Aspects—The following cholesterol esters were 
tested for their migration characteristics in this system: laurate, 


TaBLeE 
Recovery of model cholesterol esters after silicic acid chromatography 
— Stearate Oleate Total 
| 
mg. mg. meg. | mg. | meg. meg. me. meg. 

Found a | 4.35 
Theory 2.04 1.86 | 3.90 

Per cent | , | 112.0 
Found | 1.75) 1.42 3.17 
Theory | 3.56 

Per cent 98.3 | 79.7 89.0 
Found 1.58 1.28 2.86 
Theory 1.85 1.78 3.63 

Per cent 85.4 | | 71.9 78.7 
Found 2.36 | 1.98, 2.61 6.95 
Theory 1.94 | 1.79, 3.51, 7.24 

Per cent 121.5 | : 111.1 | 75.8 | 95.9 
Found 1.29 | 1.78) 1.78) 2.81] 7.66 
Theory 1.85 | BaF | 1.79, 3.51) 8.93 

Per cent 69.7. 100.0 | 99.6 | 80.0 | 85.7 
Found 2.10 1.55, 1.80; 1.92) 7.37 
Theory 2.02 1.97) 2.06, 3.16, 9.21 

Per cent 103.9 78.6 | 87.3 | 60.7 | 80.0 
Average re- 121.5 | 86.3 | 98.3 | 82.6 | 99.3 | 72.2 | 90.1 

covery | 


* Not separable. 


myristate, palmitate, stearate, oleate, linoleate, and arachidonate, 
The order of emergence was found to be saturated esters, oleate, 
linoleate, and arachidonate (Fig. 1). Each of these fractions 
emerged in a symmetrical peak with clear demarcation from the 
preceding and succeeding peaks. Little or no resolution of the 
saturated esters was discernible under these conditions.? In 
chromatographic analyses of biological material (see below) it 
was apparent that cholesterol linoleate was probably accom- 
panied by small amounts of cholesterol linolenate (properly, 
trienoate) and the arachidonate fraction was similarly accom- 
panied by pentaenoate esters, since these components were not 
detectably resolved from the parent fractions. However, since 
linolenate amounts to 3 per cent of the linoleate fraction, its 
lack of resolution is not unexpected. Indeed, it is likely that 
there are contaminants in all four fractions (considering the first 
fraction to be predominantly palmitate). As will be evident 
below, however, their concentration is probably quite small. 
While this fractionation should be adequate for most purposes, 
the procedure could be developed to include separation of the 
trienoic and pentaenoic acids if necessary, by the methods in- 
dicated in footnote 2 for saturated esters. 


Quantitative Aspects—Fig. 1 illustrates a typical separation of | 


model cholesterol esters. Table I lists a number of runs which 
were made with these substances and indicates the average in- 
dividual recovery as well as recovery of total material applied. 
Recoveries for all individual esters averaged 93 per cent; total 
recoveries averaged 90.1 per cent. The lowest individual re- 


coveries were usually associated with arachidonate; as will be | 
seen in the studies with biological mixtures, this may have been } 


the result of changes in the arachidonate molecule brought about 
by the synthetic procedure, since recoveries from natural sources 
were considerably higher. 

Fig. 2 shows typical chromatograms of biological mixtures of 
cholesterol esters. These esters were analyzed for their poly- 


unsaturated fatty acid content by alkali isomerization (9), and | 
the values for saturated and oleic acids were obtained by dif- } 
ference. These values were used in calculating the recoveries | 
of saturated, oleate, linoleate, and arachidonate esters shown in | 
Table II. Total recoveries averaged 94 per cent, individual } 
recoveries averaged between 91 and 100 per cent. Table III,! 


2 It appears feasible to extend this procedure to achieve resolu- 


tion of the saturated fatty acid esters by suitable modification of | 


the conditioning washes and the elution solvent. Chromatogrs- 
phy of cholesterol myristate and palmitate on a 25-cm. column, 


prepared with a benzene wash followed by a 3 per cent benzene it} 


hexane rinse and the use of a 10 per cent benzene in hexane mixture 


for elution, achieved fair to good resolution of the two compounds. | 
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D, rat liver esters. 


50 


See Table IV for quantitative details. 


MILLILITERS 
Fic. 2. Separation of cholesterol esters in biological mixtures: A, human plasma esters; B, beef plasma esters; C, rat plasma esters; 


TABLE II 


100 


Analysis of biological mixtures of cholesterol esters with chromatography on silicic acid* 


Human plasma Rat plasma Beef plasma 
| | Average 
| | recovery 
Applied Found | Recovery | Applied Found Recovery Applied | Found Recovery | 
mg. % mg. me. % me. | meg. % | % 
2.40 2.61 109 +|~ 2.14 1.95 91 7.67 8.57 104 
Arachidonate........... 0.53 0.54 102 | «(1.91 1.82 95 0.66 0.70 106 
| | 
4.12 4.21 103 «10.44 103 10.20 10.97 108 
Rat liver | Rat liver Rabbit liver 
0.17 | 0.90 1.06 
0.48 | 2.19 2.65 
0.60 | 2.18 
Arachidonate........... 0.39 | 1.64 | 0.10 
| 
2.29 1.64 73 | 7.30 6.91 95 5.24 | 4.97 95 
Average total recovery | 96 


* The polyunsaturated fatty acid content of the applied esters was determined by alkali isomerization. The value for saturated 


plus oleate esters was obtained by difference. 
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TaB_e III 
Composition of cholesterol esters from various biological sources 
Human Rat Beef Rat Rabbit 
plasma plasma plasma liver liver 
% % % % % 
Ratuented........... 5.0 5.8 7.6 13.1 21.3 
20.2 59.0 7.8 31.8 53.3 
62.0 18.2 78.1 31.6 23.3 
Arachidonate....... 12.8 17.0 6.4 23.8 2.0 
| TABLE IV 
Reproducibility of cholesterol ester fractionation 
on silicic acid columns* 
I | II III Averaget 
% | % % % 
Baturated......... 6.2 5.0 6.3 (0.8) 
23.0 23.4 20.2 22.2 (1.0) 
Linoleate.......... 60.4 57.7 62.1 60.0 (1.9) 
Arachidonate...... 7.4 11.8 12.9 10.7 (1.7) 


* Sample; human plasma cholesterol esters. 
+t Including the standard error of the mean in parentheses. 


which presents the composition of these esters on a percentage 
basis, illustrates the wide range of compositions likely to be en- 
countered and indicates the capabilities of the method. Thus 
the rat plasma ester sample has only 6 per cent saturated esters 
and, as is evident from Fig. 2, this quantity can be clearly dis- 
tinguished from the oleate peak comprising some 60 per cent, or 
10 times as much material. Alternatively, in beef plasma, 
characterized by Kelsey and Longenecker (13) in 1941 as having 
60 per cent or more cholesterol linoleate, the additional content 
of approximately 8 per cent saturated, 8 per cent oleate, and 7 
per cent arachidonate esters can be measured with considerable 
It may be noted that our values on human plasma 
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esters are in close agreement with those recently reported by 
Lewis (14). 

Table IV illustrates the reproducibility of this technique of 
ester fractionation. The results indicate that for components 
that represent less than 10 per cent of the total, the standard 
deviation is about 16 per cent of the value, while for the larger 
components the standard deviation decreases to about 3 per cent, 


DISCUSSION 


It would appear that this method offers a consistent, relatively 
accurate means of resolving biological mixtures of cholesterol] 
esters into their principal components for either analytical or 
preparative purposes. Although the saturated fatty acid esters 
are not individually resolvable under the conditions, we feel that 
the method provides greater versatility in its present form by 
permitting the separation of the other three categories. Under 
conditions of column preparation enabling the separation of the 
saturated fatty acid esters there would be an extensive delay in 
the elution of the unsaturated esters, together with trailing of 
the components. 

The use of this method to analyze the fatty acid distribution 
in the cholesterol ester fraction, though feasible, can now hardly 
compete with the technique of gas-liquid chromatography, 
though it would appear fully the equal of techniques involving 
iodine number, polyunsaturated fatty acid determination, and 
others, in accuracy. Its unique virtue, however, is that it per- 
mits the isolation and nondestructive identification of an intact 
cholesterol ester in quantities permitting further study. It thus 
becomes feasible to study the metabolism of individual cholesterol 
esters in the intact animal. 


SUMMARY 


1. A method of separating biological mixtures of cholesterol 
esters into four fractions, saturated, oleate, linoleate, and arach- 
idonate esters, by silicic acid chromatography has been pre- 
sented. 

2. The method compares favorably with other methods of 
analysis involving hydrolysis of the esters and provides a means 
of isolating individual esters as intact compounds. 
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Influence of Adenosine 3',5'-monophosphate on Corticoid 


Production by Rat Adrenal Glands* 
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It has been shown that adrenocorticotropic hormone will in- 
crease the phosphorylase activity of beef adrenal cortical slices 
in vitro (1). On the basis of this and other observations the 
hypothesis was proposed that the ACTH! effect on corticoid 
biosynthesis is mediated by the increased levels of TPNH which 
result from dehydrogenation of glucose 6-phosphate arising at 
an accelerated rate from glycogen. TPNH is known to be 
involved in several steps of steroid biosynthesis (2-4) and to 
give rise to large increases in corticosteroids in rat adrenal glands 
in vitro (5). The findings of Sutherland and Rall (6) that the 
effects of glucagon and epinephrine on hepatic phosphorylase 
are mediated via 3’,5’-AMP led to a further study where it was 
found (7) that additions of 3’,5’-AMP to adrenal cortical tissue 
brought about an activation of adrenal phosphorylase. In addi- 
tion, evidence was presented which showed that ACTH elicits 
an accumulation of 3’,5’-AMP in adrenal tissue. Thus, these 
findings are in harmony with the concept that 3’,5’-AMP serves 
as an intermediate agent in the ACTH-induced stimulation of 
phosphorylase. These findings indicated that 3’,5’-AMP should 
have the same effect as ACTH in stimulating the production of 
steroid hormones by the adrenal cortex. The data reported here 
show that rat adrenal sections which respond to ACTH will also 
respond to 3’,5’-AMP with an increase in corticoid output. 


EXPERIMENTAL 


The analytical procedures used have been described pre- 
viously (8). The ACTH sample used was a crude Armour prod- 
uct, Lot No. 54505 Acthar-A, blend 2H, assaying 1.75 i.u. per 
mg. The 3’,5’-AMP was a generous gift from Dr. E. W. Suther- 
land, Western Reserve University, Cleveland, Ohio. 2’,3’-CMP, 
2’.3’--AMP, 2’-AMP, and 2’+3’-CMP were purchased from 
Schwarz Laboratories, Inc.; 5’-AMP from Nutritional Bio- 
chemical Company; and 3’-AMP from Sigma Chemical Com- 
pany. 


* This investigation was supported in part by funds (Grant No. 
A-1256 (from the National Institute of Arthritis and Metabolic 
Diseases, National Institutes of Health, United States Public 
Health Service, from the National Science Foundation (Grant 
G-5025), and the Massachusetts Division of the American Cancer 
Society. 

‘The abbreviations used are: ACTH, adrenocorticotropic hor- 
mone (corticotropin) ; 3’,5’-AMP, adenosine 3’ ,5’-monophosphate; 
2’ 3’-CMP, cytosine 2’,3’-monophosphate; 2’,3’-AMP, adenosine 
2’,3’-monophosphate; 2’ + 3’-CMP, mixture of cytosine 2’-mono- 
phosphate and cytosine 3’-monophosphate. 


RESULTS 


The primary question as to whether the sectioned rat adrenal 
gland which will respond to ACTH in vitro with an increased 
corticosteroid output (9-12), will also respond to 3’,5’-AMP is 
answered by the data in Table I. It will be seen that 3’,5’-AMP 
causes as much as an 11-fold increase in corticosteroid produc- 
tion in tissue which is capable of responding to ACTH. The 
response of the tissue is dependent on the amount of 3’,5’-AMP 
present but is linear only at the lower concentrations (Experi- 
ment 2, at 2 um and 4 um 3’,5’-AMP). The addition of varying 
amounts of 3',5’-AMP to tissue stimulated with submaximal 
amounts of ACTH (Experiment 1, at .02 unit of ACTH) results 
in a further increase in corticosteroid synthesis presumably to 
a maximum. Conversely, tissue maximally stimulated with 
ACTH alone (at 0.2 unit level) can still respond to added 3’ ,5’- 
AMP by an increase in corticosteroid. It will be noted also that 
3’,5’-AMP when added at the highest concentrations tested 
(10 and 15 umoles) elicits a greater corticoid production than 
when the tissue is maximally stimulated with 0.2 unit of ACTH. 
In order to investigate the specificity of response of the rat 
adrenal to 3’,5’-AMP, structurally related substances were 
added to the test system. The data in Table II show that none 
of the compounds tested at a level which elicits corticosteroid 
production by 3’,5’-AMP have any action. ACTH, on the 
other hand, causes the usual stimulation. In Experiment | the 
data also show that additions of 5’-A MP do not inhibit or increase 
corticosteroid production in sections stimulated with maximal 
or submaximal amounts of ACTH. 

Even though ample evidence has been obtained indicating 
that the blue tetrazolium reaction, when used under the condi- 
tions of these experiments, actually measures corticosteroids 
(13, 14), studies were carried out to demonstrate that the redue- 
ing material produced by the tissue as a result of 3’,5’-AMP 
action was corticosteroid in nature. A large scale incubation 
was made, and the contents of several incubation flasks were 
pooled. The extracts of the pooled media were then run on 
paper chromatograms (15) for identification of the steroids 
present. The data of Table III indicate that the analytical 
method used did indeed measure corticosteroids. In order to 
obtain additional evidence as to the identity of the corticosterone 
spot, the material which remained from the eluted corticosterone 
spot after removal of an aliquot for blue tetrazolium determina- 
tion was subjected to infrared analysis as a KBr prism (16). A 
sample of 100 ug. of standard corticosterone was prepared in the 
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TABLE I 
Effect of adenosine 3’ ,5'-monophosphate on production of corticoids 
by sectioned rat adrenal glands in vitro 

Preincubation: 1.0 hour in 2.0 ml. Krebs-Ringer-phosphate 
buffer containing 200 mg. per 100 ml. of glucose. 

Final incubation: 1.0 hour in 1.60 ml. of Krebs-Ringer-phos- 
phate-glucose plus sodium chloride and other additions to a final 
volume of 2.0 ml]. ACTH was added as a sodium chloride solution. 
Adenosine 3’,5’-monophosphate was neutralized before addition. 

All incubations were carried out at 38° in 100 per cent O2 in a 
Dubnoff metabolic incubator. Incubations were run in duplicate 
and the results are expressed as the mean + the variation from 
the mean. 


Addition Corticoid output 


pe./100 mg. wet tissue 


Experiment 1 
0.2 unit ACTH...................] 

4 umoles 3’,5’-AMP......... 
0.020 unit ACTH + (4 ysmoles 


t Ht H H KEE 
= 


0.020 unit ACTH + (10 yumoles 
0.20 unit ACTH + (4 wmoles 3’,5’- 
Experiment 2 
19.10 + 0.90 
2 wmoles 3’,5’-AMP............... 8.00 + 0.85 
4 wpmoles 3’,5’-AMP............... 15.90 + 0.80 
10 wzmoles 3’,5’-AMP............... 23.30 + 0.50 
15 wmoles 3’,5’-AMP............... 30.95 + 0.75 


2 wmoles 3’,5’-AMP + (0.2 unit 


10 wmoles 3’,5’-AMP + (0.2 unit 


same manner. Although many similarities existed in the two 
curves the degree of purity of the eluted material was not suffi- 
cient to permit identification by this method. However, re-elu- 
tion of the isolated material from the KBr prism when dissolved 
in 2.0 ml. of sulfuric acid (17) gave a sulfuric acid chromogen 
curve which was identical in all respects with that given by 100 
pg. of an authentic sample of corticosterone dissolved in 3.0 ml. 
of sulfuric acid. 

In one experiment where 3’,5’-AMP was tested in an homog- 
enate which synthesized corticosterone from endogenous sub- 
strates there was no stimulation under the conditions used. 


DISCUSSION 


The salient feature of the present investigation is the demon- 
stration that 3’,5’-AMP elicits the production of corticosteroids 
by incubated rat adrenal sections which are able to respond to 
ACTH. The reason for the greater response of the rat adrenal 
tissue to 3’,5’-AMP is unknown at the present moment. How- 
ever, this observation is consistent with the finding (7) that 
3’,5’-AMP causes a greater increase in the activity of phosphoryl- 
ase than does ACTH. The data place 3’,5’-AMP as an inter- 
mediate agent in the chain of events leading to corticosteroid 
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TABLE II 
Lack of effect of compounds related to adenosine 3’ ,5'-mono- 
phosphate on production of corticoids by sectioned 
rat adrenal glands incubated in vitro 
Preincubation and final incubation conditions were the same 
as those in Table I. 


Addition Corticoid output 
ug./100 mg. wet tissue 
Experiment 1 
0.02 unit ACTH............ } 11.78 + 0.58 
4 wmoles §’-AMP.................. 4.65 + 0.03 
10 wmoles 5’-AMP.................. 6.07 + 0.57 
4 pmoles 5’-AMP + (0.020 unit 
10 uwmoles 5’-AMP + (0.020 units 
4 wmoles 5’-AMP + (0.20 units 
Experiment 2 
4 smoles 2’,3’-CMP............... | 5.77 + 0.12 
10 wmoles 2’,3’-CMP......_... 4.52 + 0.17 
4 pmoles 2’,3’-AMP.............. 5.17 + 0.07 
10 wmoles 2’,3’-AMP............... 4.95 + 0.35 | 
4 umoles 3’-AMP........ 5.25 + 0.22 
10 wmoles 3’-AMP.............. 5.86 + 0.13 
Experiment 3 
12.90 + 0.50 
4 wmoles 2’-AMP................. 4.92 + 0.52 ; 
15 wmoles 2’-AMP.................. 4.83 + 0.53 ( 
4 wmoles 2’ + 3’-CMP............ 4.06 + 0.86 
15 wmoles 2’ + 3.79 + 0.14 


III 
Separation by paper chromatography of materials which react with 
blue tetrazolium and which are synthesized in vitro under 
influence of adenosine 3’ ,5’-monophosphate 


Blue tetrazolium values of eluted spots as 
Total output* cortiso 
of blue tetrazo- 
Additions per flask lium reacting 
material as Aldos- § Corticos- | Desoxy- | 
cortisol teronet _terone | corticos- =Total 
spot spot terone | 
ug. ug. ue. MB. | 
None 52.2 8.6 13. 3.64 25.1 
3’,5’-AMP (3.4 158.0 12.5 79.8 4.96 97.3 
umoles) 


* Blue tetrazolium values were obtained on an aliquot of the — 
pooled methylene dichloride extract of the incubation medium | 
prior to paper chromatography. The remainder of the extract | 
was chromatographed for 40 hours on 1-cm. wide strips in the | 
toluene-propylene-glycol system of Burton et al. (15). : 

t In recent large scale incubations wherein the identity of ster- _ 
oids synthesized by the rat adrenal glands was sought no corti- ; 
sone was found to contaminate the aldosterone isolated in the | 
above solvent system. For this reason the zone, formerly de- } 
noted as EAL (12), is designated as aldosterone. Preincubation | 
and final incubation conditions were the same as in Table I ex-! 
cept that the final incubation was for 2.0 hours. Sixteen rats | 
were used in each of the control and experimental conditions. 
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production and support the theory (1) that one of the initial 
steps in the series of changes brought about by ACTH is the 
activation of adrenal phosphorylase. 

Other compounds structurally related to 3’,5’-AMP were 
completely inactive in eliciting a response in adrenal tissue, and 
in the case of 5’-AMP, at least, the presence of the inactive com- 
pound did not inhibit the production of corticosteroids when 
rat adrenal sections were stimulated with ACTH. Thus, it 
appears that ACTH causes selectively an increased concentra- 
tion of 3’,5’-AMP in adrenal tissue which leads ultimately to 
accelerated corticosteroid production. This is analogous to the 
finding of Sutherland and Rall (6) that epinephrine and glucagon 
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cause a selective increase in the production of 3’,5’-AMP in 
liver slices. 


SUMMARY 
1. Adenosine 3’,5’-monophosphate (3’,5’-AMP), added to rat 


~ adrenal glands incubated in vitro, elicits a response in corti- 


costeroid production equal to or greater than that produced by 
adenocorticotropic hormone. 

2. The response is specific for 3’,5’-AMP. Additions of 
substances closely related to 3’,5’-AMP had no effect. 

3. These findings support the theory (1) suggested for the 
mode of action of adrenocorticotropic hormone. 
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On the Mechanism of Squalene Biogenesis from Mevalonic Acid* | 


H. C. Rmumet anp Konrap Biocu 


From the Converse Memorial Chemical Laboratory, Harvard University, Cambridge, Massachusetts 


(Received for publication, January 28, 1959) 


The essentially quantitative conversion of mevalonic acid to 
cholesterol by isolated liver (1) was the first finding to demon- 
strate the important role played by this branched-chain acid in 
the biogenesis of the steroids and their terpenoid precursors. 
Much evidence has since accumulated to show that mevalonic 
acid is indeed universally employed as the building stone for 
isoprene-derived natural products (2). During the transforma- 
tion to materials of higher molecular weight mevalonic acid loses 
its carboxyl group (3), and C™ from 2-C'*-mevalonate enters 
the various reaction products (squalene (4-6), cholesterol (7), 
soyasapogenol (8), rubber (9)) in the six positions anticipated 
from C-5 to C-2 (head to tail) condensations of mevalonic acid 
or its derivatives. The two bond-forming groups of mevalonic 
acid, the hydroxymethyl! group at C-5 and the methylene group 
at C-2, are in a reduced state and as such insufficiently activated 
for forming carbon-carbon bonds. Modification of the molecule 
before condensation was therefore predictable. Exploring var- 
ious possibilities for activation of the bond-forming groups we 
have employed tritium and deuterium as tracers to examine the 
loss and gain of carbon-bound hydrogen during the enzymatic 
conversion of mevalonic acid to squalene (10, 11). The results 
of these experiments were unexpected and led to the conclusion 
that the isoprenoid units, when undergoing head to tail condensa- 
tions, must be in a state of oxidation which is unchanged from 
that of mevalonic acid itself. It was therefore proposed that the 
new carbon-carbon linkages are produced in an unprecedented 
manner by the coupling of two active methylene groups (11). 
Additional experiments have now permitted a more quantitative 
measurement of the losses of hydrogen from mevalonic acid in 
the course of squalene synthesis. The positions from which 
hydrogen is removed and those where it enters from external 
sources have been determined by analysis of the chemical deg- 
radation products of squalene. The results obtained bear out 
the conclusion that the head to tail condensations of the isopren- 
oid units occur without loss and reintroduction of hydrogen at 


the bond-forming centers. 


EXPERIMENTAL 


Materials—D.0, 99.9 atom per cent excess D was obtained 
from the Stuart Oxygen Company, and lithium aluminum deu- 


* Supported by grants-in-aid from the United States Public 
Health Service, The National Science Foundation, The Life In- 
surance Medical Research Fund, and the Eugene Higgins Trust 
Fund of Harvard University. 

+ This work is taken from a thesis submitted to the Graduate 
School of Arts and Sciences of Harvard University in partial ful- 
fillment for the degree of Doctor of Philosophy. 

Holder of Predoctoral Fellowships from the National Science 
Foundation, The Union Carbide Company, and The United States 
Public Health Service. 


teride, (LiAID, 98 per cent D) from Metal Hydrides, Inc. T.O 
and lithium aluminum triteride were purchased from the New 
England Nuclear Corporation. 2-C'-bromoacetic acid was a 
product of Nuclear Chicago Corporation. ATP, DPN, and 
DPNH were obtained from the Sigma Chemical Company, 8- 
hydroxy-6-methylglutaric acid from the California Foundation 
for Biochemical Research, and farnesol from Givaudan-Dela- 
wanna, Inc. Samples of unlabeled mevalonic acid and 2-C™- 
mevalonic acid were kindly provided by Dr. James M. Sprague 
of the Merck, Sharp and Dohme Laboratories. 

Enzyme Preparations—A crude yeast extract was used as the 
enzyme system for the present experiments. Fleischman’s dried 
bakers’ yeast was ground to a fine powder with a Bantam micro 
pulverizer and, after screening, autolyzed in 3 times its weight of 
a 0.066 Mm (NH,4)2HPO, solution for 3 hours at 37°. The autol- 
ysate was kept overnight at 4°, centrifuged at 25,000 X g for 30 
minutes and filtered through cotton gauze. This extract was 
stable for about a month when kept at —15°. 

For the experiments with D.O it was necessary to employ an 
enzyme system containing a minimum of ordinary water. Direct 
lyophilization of the crude extract caused a 60 per cent loss of 
enzymatic activity and was therefore unsatisfactory. An active, 
nearly dry preparation was obtained in the following manner. 
The particulate fraction of the extract was separated from the 
yeast autolysate by centrifugation at 104,000 x g for 2 hours 
and washed once with 0.066 m (NH 4)2HPO, buffer. Three gm. 
of a firm jelly-like pellet were obtained from 100 ml. of crude 
extract. The particles retained enzymatic activity for 3 to 6 
days when kept at —15°. Particles of fluffy appearance which 
were obtained occasionally were discarded since they were less 
active. The supernatant fluid from the first high-speed centrif- 
ugation was separated from the fluffy lipide layer and dialyzed 
for 18 hours against 3 changes of cold 0.066 m (NH,4)2H PO, buffer. 
On subsequent lyophilization there were obtained about 5.0 gm. 
of residue (salts and protein) from 100 ml. of supernatant fluid. 
The enzyme system was reconstituted by combining Ivophilized 
supernatant and washed particles in the original proportions and 
by addition of D.O in appropriate quantity to restore the volume 
of the original extract. This reconstituted extract contains ap- 


proximately 3 gm. of moist particles per 100 ml. of D.O with an | 


estimated H.O content of less than 2 per cent. Anhydrous en- 
zyme preparations may also be obtained from crude yeast ex- 
tract by, the acetone powder technique. 
in converting mevalonic acid to nonsaponifiable materials. 
However since squalene accounts for only about } of the products 
and unidentified alcohols for the remainder, these acetone pow- 
der preparations have not been used in the present experiments. 
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Preparation of Labeled Substrates 

Acid—Tritium-labeled mevalonic acid 
was obtained in low yield on direct reduction of 6-hydroxy-8- 
methylglutaric acid with LiAIT,. Ten ml. of dioxane, previously 
distilled from LiAlH,, were mixed with 0.56 ml. of an ethereal 
solution of 15 mg. of LiAIT, (specific activity 85 me. per gm.), 
brought to reflux temperature, and 50 mg. of 8-hydroxy-8-meth- 
ylglutaric acid (m.p. 106°) dissolved in 1.5 ml. of dioxane were 
added. After 15 minutes of heating, the excess LiAIT, was 
destroyed by addition of a few drops of ethanol and the dioxane 
removed in a vacuum. The residue was dissolved in a few ml. 
of water, the pH adjusted to 1 with H.SO,, and mevalonie acid 
extracted continuously with chloroform. After addition of 10 
ml. of water to the extract, the chloroform was distilled off. The 
solution was made alkaline with NaOH, warmed for 10 minutes 
at 60° to convert any mevalonolactone to the free acid, and then 
placed on a Dowex 1 (formate-form) column. Neutral materials 
were eluted from the column by washing with water, and meva- 
lonic acid with 60 ml. of 0.1 N formic acid. This eluate, con- 
taining 2.74 10’ d.p.m. of T was lyophilized and added to an 
ethanolic solution of 25 mg. of the dibenzethylenediamine salt 
of unlabeled mevalonic acid (12). The solution was allowed to 
stand overnight, the salt precipitated by the addition of ether 
and recrystallized 4 times from alcohol-ether. The specific ac- 
tivity of the salt was 70 d.p.m. per wg. (6.5 per cent of the value 
calculated from the tritium content of the Dowex eluate). The 
crystalline material containing a total of 2.9 * 10° d.p.m. of T 
was dissolved in dilute NaOH and combined with about 105 
d.p.m. of 2-C“-pt-mevalonic acid. After removal of the di- 
benzethvlenediamine by extraction with ether, the mixture of 
C™ and tritium-labeled mevalonic acids was subjected to paper 
chromatography on Whatman No. 1 paper with ethanol-N H3;- 
water, 80:5:15, as the solvent system. A single but relatively 
broad radioactive band (Rp 0.46 to 0.60) was obtained. Three 
adjoining portions: A, Rp 0.46 to 0.50; B, Rr 0.50 to 0.53, and 
C, Rr 0.53 to 0.60, were cut from this band, eluted separately, 
and aliquots of the eluates analyzed for Cand T. As shown by 
the results in Table I, the tritium-containing product and the 
authentic 2-C'-mevalonic acid were chromatographically indis- 
tinguishable. Fractions A, B, and C accounted for 78 per cent 
of the radioactivity placed on paper. 

Acid—Doubly labeled mevalonic acid 
containing deuterium and C™ in the same molecule was prepared 
by condensing 1-D.-3-ketobutanol acetate with 2-C'-bromo- 
acetic acid methylester (4) (procedure kindly furnished by Dr. 
F. W. Cornforth before the procedure was published). For the 
preparation of labeled ketobutanol, 11.1 gm. of 2-methyl-2-car- 
boethoxymethyldioxalene were reduced in ethereal solution with 
1.27 gm. of LiAlD, (“98 per cent D’’) and the resulting 2-methyl- 
2-carbinolmethyldioxalene converted to 1-D2-3-ketobutanol ace- 
tate. The product, 3.33 gm. (40 per cent of theory) had a b.p. 
of 97° at 25 mm. (reported, 92—95° at 25 mm. (12)). 2-C'-bro- 
momethylacetate was obtained by esterifying 21 mg. of 2-C™- 
bromoacetic acid (0.053 mce., 0.36 me. per mmole), with an excess 
of diazomethane and this was diluted with 3.67 gm. of redistilled, 
unlabeled bromomethylacetate. The C™ ester and 1-D».-3-keto- 
butanol acetate were condensed in the presence of Zn (5), vield- 
ing in 
50 per cent vield. The ester was saponified by standing in 54 
ml. of 1 N methanolic KOH at room temperature for 40 hours 
whereupon the resulting mevalonic acid was distilled. The final 
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product, 1.1 gm. (61 per cent, b.p. 125° at 0.05 mm, reported, 
110° at 0.1 mm. (12)) was converted into the NV, N’-dibenzethyl- 
enediammonium-bis-mevalonate, m.p. 125° (reported, 125—126° 
(12)). The deuterium analysis of a sample, diluted with 115 
parts of unlabeled material, gave 0.076 atom per cent excess D 
or 8.7 per cent for the undiluted salt (caleulated for Cos Hy Dy, 
Ne Os, with “98 per cent”? LiAID,, 8.9 per cent). The specific 
activity of the doubly-labeled acid was 1170 ¢.p.m. per umole. 
In biological experiments 50 per cent of the pL-compound were 
converted to nonsaponifiable materials, 85 per cent of which was 
squalene. 
1-T-farnesol—F arnesol, purified by distillation (b.p. 117-119° 
at 10 mm.) was oxidized to farnesal by chromic acid (13). The 
aldehyde was isolated by way of the bisulfite addition product 
and distilled (b.p. 97° at 0.2 mm., reported 110° at 0.4 mm. (14)). 
For storage, the farnesal was sealed under nitrogen in 1 gm. lots. 
For the reduction to 1-T-farnesol, 0.6 gm. of farnesal was dis- 
solved in 50 ml. of dry ether (distilled from LiAlH,) and an ethe- 
real solution of 23 mg. of LiAIT, (specific activity 85 me. per 
gm.) was added. After heating under reflux for 15 minutes, the 
reaction mixture was poured into 51 ml. of cold 10 per cent H.SO,, 
the ether decanted, and the aqueous layer extracted with petro- 
leum ether. The combined ether and petroleum ether extracts 
were washed with sodium bicarbonate solution and dried over 
anhydrous Na2SQ,. The reduction product was stored in solu- 
tion without further purification. Before use the farnesol was 
purified by chromatography on Woelm alumina, activity No. 5. 
The specific activity of an aliquot was 1.35 X 10° d.p.m. per mg. 
_ 1-T-farnesal—| -T-farnesol, 30 mg., in 5 ml. of petroleum ether 
was oxidized with 100 mg. of acid-washed MnOz (15). The sus- 
pension was agitated on a rotary shaker for 5 days, the manga- 
nese salts filtered off, and the filtrate diluted to 30 ml. with petro- 
leumether. For enzymatic experiments, portions of this solution 
were used without further purification. An aliquot of the 1-T- 
farnesal solution containing an estimated 5 mg. was added to the 
mixture obtained by oxidizing | gm. of unlabeled farnesol with 
MnOsz, and the diluted aldehyde converted to the 2,4-dinitro- 
phenylhydrazone, m.p. 99-102°. The specific activity, deter- 
mined in the gas flow counter was 3,000 ¢.p.m. per mg. or 1.08 
10° ¢.p.m. per mg., calculated for undiluted farnesal. This 
value is in the range expected but cannot be directly compared 
to the specific activity of the 1-T-farnesol from which the alde- 
hyde was prepared because the two materials were counted by 
different procedures. Scintillation counting was necessary for 
determining the radioactivity of the volatile farnesol, whereas 
the dinitrophenylhydrazone of farnesal had to be counted in a 
gas flow counter because of its quenching properties. 
Degradation of Squalene—For the ozonolysis of squalene to 
vield acetone, levulinic acid, and succinic acid, the method used 
was essentially that of Cornforth and Popjaék (16). In following 
the published procedure we were unable to recover levulinie acid 
in satisfactory yield. It was then noted that under the condi- 
tions specified levulinic acid is further degraded to succinie acid.! 
For the interpretation of the present experiments it was crucial 
that the succinic acid isolated was derived only from the central 
four carbon atoms of squalene and not contaminated by succinic 
acid from other sources. The degradation procedure was there- 


1 Dr. Cornforth has informed us that under the conditions em- 
ployed in this procedure (16) up to 20 per cent of the succinic acid 
isolated on degradation of squalene arises by oxidation of levu- 
linie acid. 
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fore modified as follows, to avoid secondary oxidation of levulinic 
acid: 180 mg. of squalene, dissolved in 5 ml. of Skellysolve B, 
were ozonized for 3 hours at 0° with a 3 per cent stream of ozone 
in oxygen. After the addition of 1 ml. of acetic acid, ozonation 
was continued for another 3 hours. Thereafter, 0.2 ml. of 30 
per cent H.O2 was added and the solution shaken at room tem- 
perature for 1 hour. After a second addition of 0.2 ml. of 30 
per cent H,O2 and shaking for another hour, 1 ml. of 30 per cent 
H,0; and 1.5 ml. of water were added and the solution, protected 
by a reflux condenser, warmed to 70° and kept at this tempera- 
ture for 3 hours. After cooling and addition of 3 ml. of water 
the pH of the solution was brought to 5 with NaOH. Acetone 
was distilled in a nitrogen stream into ice water and isolated in 
the form of the HgO-HgSO, complex (17). The remaining solu- 
tion was acidified with 5 ml. of 2 N H2SO, and the excess H.O2 
destroyed by adding, in the cold, an excess of solid ferrous sul- 
fate. Succinic and levulinic acids were obtained by continuous 
extraction with ether for 16 hours, followed by removal of ether 
and acetic acid in a vacuum. Levulinic acid was extracted from 
the dry residue by three portions of chloroform and the remaining 
succinic acid crystallized successively from water and chloroform- 
ethanol (m.p. 185-187°). For the isolation of levulinic acid, the 
chloroform solution was placed on a column packed with a sus- 
pension of 12 gm. of silicic acid and 7.5 gm. of water in water- 
saturated chloroform. The eluting solvents were 100 ml. of 
chloroform, followed by 100 ml. of 5 per cent n-butanol in chloro- 
form. Levulinic acid emerged with the last 40 ml. of chloroform 
and the first 10 ml. of the 5 per cent n-butanol-chloroform mix- 
ture. It was converted to the 2,4-dinitrophenylhydrazone by 
adding 200 mg. of 2,4-dinitrophenylhydrazine in a mixture of 1 
ml. of concentrated H2SO,, 1.5 ml. of water and 10 ml. of 50 per 
cent H;PO,. For each milligram of levulinic acid, a volume of 
reagent containing 3 mg. of the hydrazine was added. After 
standing at room temperature for 15 minutes, the reaction mix- 
ture was diluted with an equal volume of water, the resulting pre- 
cipitate collected by centrifugation and washed with water. It 
was redissolved in saturated sodium bicarbonate solution, cleared 
by centrifugation, and then reprecipitated by addition of acid. 
The dried material, when crystallized from chloroform or ethyl 
acetate, melted at 205-209°, undepressed by authentic levulinic 
acid 2 ,4-dinitrophenylhydrazone. 

Incubation and Isolation Procedures—The conditions for con- 
verting mevalonic acid to squalene varied from experiment to 
experiment and specific details are therefore given in the tables, 
along with the results. In general, the enzyme system was sup- 
plemented with ATP, 1 mg. per ml., DPN, 1 mg. per ml., and 
0.001 m MnSQ,. Mevalonic acid was added either as the potas- 
sium salt or as the dibenzethylenediamine salt, with no difference 
in results. Farnesol and farnesal were added to the reaction 
mixture dissolved in small volumes of acetone. Incubations were 
carried out at 30° in air for periods varying from 4 to 16 hours 
and terminated by addition of an equal volume of methanol. 
The reaction mixtures were digested in 20 per cent aqueous KOH 
and heated on the steam bath for 15 minutes. Squalene was 
isolated from the saponified mixtures by three extractions with 
ether or petroleum ether. The hydrocarbon was purified by 
alumina chromatography (18), formation of the thiourea adduct 
(19), and in some cases by preparation of the hexahydrochloride 
derivative (20, 21). In one experiment the identity of the radio- 
active hydrocarbon was established as follows. The nonsapon- 
ifiable material from an experiment identical with Experiment 
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1, Table II, and weighing 40 mg. was combined with 706 mg. 
of carrier squalene. After conversion to the crystalline thiourea 
adduct, the hydrocarbon was regenerated, chromatographed on 
silicic acid (22), and finally converted to the hexahydrochloride, 
As shown by the specific activities of the hydrocarbon at suc- 
cessive stages of purification, the amounts of contaminating 
hydrocarbons are small and are removed during the first purifica- 
tion step: 

Squalene, c.p.m. of BaCOh, 


corrected for infinite thick- 
ness, average of 2 samples, 


1. Nonsaponifiable fraction plus carrier squalene... 36 


2. From thiourea adduct....................... 40 
3. After silicic acid chromatography.............. 41 
4. Squalene hexahydrochloride.................. 40 


Isotope Analyses—For deuterium analysis samples were 
burned, the water collected and reduced to hydrogen which was 
analyzed in a Consolidated-Nier model 20-201 isotope ratio mass 
spectrometer. The techniques used for combustion and con- 
verting water to hydrogen were essentially those described by 
San Pietro (23). The error of the D analyses varied from day 
to day between 0.002 to 0.005 atom per cent excess but never 
exceeded the larger of these values. All the D values given in 
the tables are averages of 2 or more analyses. 

Samples were counted for C™ in a windowless gas flow counter 
(Packard Instrument Company). Specific activities were deter- 
mined in triplicate and samples counted for a sufficient length 
of time to give less than 5 per cent standard error. Organic 
materials were counted either as infinitely thin layers or, after 
combustion, as BaCOs, corrected for infinite thickness. Analyses 
of all tritium samples and samples containing both tritium and 
C™ were performed by the New England Nuclear Corporation 
with a Packard scintillation counter. 


RESULTS AND DISCUSSION 


Squalene is a symmetrical dihydroterpene and, in a formal 
sense, the condensation product of two farnesyl residues which 
in turn are composed of 3 isoprene units each. During the syn- 
thesis of squalene from 6 subunits, 5 carbon to carbon bonds are 
newly formed. Four of these result from head to tail interactions 
between C-2 and C-5 groups of mevalonic acid (or derivatives) 
while the fifth or central carbon to carbon bond is established by 
a C-5 to C-5 (tail to tail) linkage of isoprenoid or terpenoid in- 
termediates. The condensations involved in squalene synthesis 
are therefore of two types, but the over-all result is the same for 
both, namely the formation of R-CH.CH.2-R type structures 
by the coupling of two R-CH.-groups. For simplicity it will be 
assumed that all the C-2 to C-5 condensations occur by the same 
mechanism. 

Our previous experiments (10, 11) and those reported here 
were designed to characterize the functional groups of whatever 
intermediates are formed during squalene synthesis from meva- 
lonic acid. For this purpose, isotopic hydrogen is uniquely 
suitable as a labeling agent because it allows detection of any 
changes in the state of oxidation at the reacting centers. In the 
first series of such experiments with a yeast extract as enzyme 
source, 2-C'4-5-T-mevalonic acid was the substrate used and it 
was found that the squalene synthesized contained tritium as 
well as C™ (Table I and (10)). The fact that hydrogen bound to 
C-5 was retained at all rules out reactions such as R-CH,OH— 


R-COOH, 1.e. the conversion of mevalonic acid to 6-hydroxy- | 
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3-methylglutaric acid or other 5-carboxylic acid derivatives at 
any intermediary stage. During the over-all reaction the T:C 
ratio changed only slightly, the decrease being at most 10 per 
cent. If real, this would correspond to a loss of ;15 of an hydrogen 
atom per mevalonic acid, or one out of the 12 atoms contained 
in C-5 positions of the six reacting molecules. However, the 
possibility existed that the actual loss of hydrogen was greater 
than these results indicated, and was obscured by the following 
phenomenon. In the preparation of tritium-labeled compounds 
an exceedingly small fraction of hydrogen is ordinarily replaced 
by the tracer because the percentage content of tritium in the 
labeling agent itself is minute. Therefore, when the breaking of 
a C—H bond is the rate-limiting step, isotope discrimination 
effects may come into play and cause fortuitous results due to 
the more rapid removal of ordinary hydrogen than of tritium 
(24). For this reason, the experiments of Table I with tritium- 
labeled substrate, while giving a reliable qualitative result, failed 
to establish whether a partial oxidation of the C-5 group of meva- 
lonic acid to an aldehyde had occurred during squalene synthesis. 
Isotope effects are avoided when hydrogen is completely replaced 
by deuterium and therefore analogous experiments have been 
carried out with 2-C'4-5-D2-mevalonic acid containing nearly 100 
atom per cent excess D at C-5. The results were similar to those 
obtained with tritium but there were slight quantitative differ- 
ences (Table II). In the experiments with deuterium the ratio 
of D to C™ again declined somewhat and in this case was found 
to be 17 to 25 per cent lower in squalene than in the added sub- 
strate. This loss corresponds to } or less of an atom of deuterium 
per molecule of mevalonic acid which is equivalent to 2 or 3 of 
the 12 deuterium atoms originally present in the six substrate 
molecules. The losses measured by tritium and deuterium la- 
beling thus differ by 1 to 2 (out of 12) atoms, presumably because 
of analytical errors, isotope discrimination, or both. At any 
rate it is now conclusively shown that 9 to 10 of the deuterium 
(or hydrogen) atoms bound to C-5 of mevalonic are retained 
during squalene formation and hence that mevaldic acid (3-hy- 
droxv-3-methylglutaraldehydic acid (25-27)) or any other 5-alde- 
hydo derivatives cannot be intermediates in the formation of 
squalene from mevalonic acid. Nevertheless, it is obvious that 
some changes occur at one or several of the C-5 positions, since 
the observed loss of 2 to 3 atoms is significantly outside the error 
of the analytical method. To explain this loss, the following 
possibilities have been considered. There is good evidence that 
mevalonic acid is synthesized in veast from 6-hydroxy-8-methyl- 
glutaryl-CoA by way of mevaldic acid (28). If in the enzyme 
system used the reduction of mevaldic acid to mevalonic acid 
were partially reversible, deuterium bound to C-5 would grad- 
ually ‘“‘leak out’? and be replaced by normal hydrogen. Such a 
loss of deuterium would be unrelated to the obligatory events in 
squalene synthesis. Alternatively the partial loss of D can be 
explained by the selective oxidation of one or two of the six par- 
ticipating hydroxymethyl groups to R-CHO or R-COOH. To 
distinguish between some of these possibilities, squalene derived 
from 5-D»-mevalonic acid was degraded by ozonation according 
to the method of Cornforth and Popjaik (16) with the results 
shown in Fig. 1 and Table III. It can be predicted on the basis 
of earlier information (4-8) that 5-De-mevalonic acid will label 
a total of six positions of squalene, namely every fifth carbon 
atom, counting from the ends of the hydrocarbon chain, two of 
the deuterium-bearing carbon atoms being adjacent and in the 
center of the molecule (Fig. 1). Had all the deuterium been 
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TaBLeE 
Conversion of 2-C'*-5-T-pt-mevalonic acid to squalene 


Each flask contained 15 ml. of crude yeast extract, 9 mg. of 
DPN, 0.001 m Mn**, and 75 wmoles of hexosediphosphate. 


ci" T 
d.p.m. d.p.m. 

Mevalonic acid, sample A......... 5,040 15,200 3.00 
Mevalonic acid, sample B......... 4,600 13,700 2.97 
Mevalonic acid, sample C......... 4,620 12,600 2.74 
Squalene, formed from A.......... 450 1,400 3.1 
Squalene, formed from B 1)... 360 1,040 2.9 
Squalene, formed from B 2). . 1,140 3,380 3.0 
Squalene, formed from C 1). 280 750 2.7 
Squalene, formed from C 2)... .. 1,280 3,500 2.7 
Squalene hexahydrochloride from Al 560 1,520 2.7 


* The efficiency of the scintillation counter for C'™ is about 20 
per cent and for T about 10 per cent. Samples were counted for 
at least 10 minutes, the background of the instrument being or- 
dinarily 80 d.p.m. The probable error, for example, for the T/C'* 
ratio of squalene B-2 is calculated as: 


420. 80 
3380 + 10 X 


= 2.97+ 0.14 
1140+ 5X 10 + 10 
TABLE II 


Conversion of 2-C'*-5D.2-pt-mevalonic acid to squalene 
The volumes of yeast extract used in Experiments 1, 2, and 3 
were 100, 18, and 100 ml., respectively. 


1 2 3 

Mevalonic acid added, mg... .. 11.0 1.9 11.0 
Mevalonic acid ¢c.p.m./mg.*f..| 3280 3280 3140 
Squalene, c.p.m./mg.f...... 334.3 37.4 31.5 
268 246 279 
Squalene formed, mg... 2.0 0.3 2.0 
Squalene, atom per cent excess D 0.071 0.072 0.071 
Squalene, atom per cent excess 

D, corrected for dilution _... 19.03 17.71 19.81 
Atoms of D per molecule of 

9.5 8.9 9.9 


* Analyzed as the dibenzethylenediamine salt. 
t Average of 2 or more analyses of BaCOs;, corrected for infinite 
thickness. 


retained, then the distribution of D in the degradation products 
should be as follows: a total of eight of the labeled atoms should 
be recovered at the a@-positions of the four levulinic acid mole- 
cules and the remaining four atoms at the methylene carbons of 
succinic acid which is derived from the central portion of squal- 
ene. Experimentally it was found that levulinic acid contained, 
at least in one case (Table III), 1.80 atoms of D per molecule or 
nearly the theoretical 2, while the succinic acid had 1.8 atoms of 
deuterium instead of the possible 4. Therefore all four of the 
C-5 to C-2 interactions must have occurred virtually without loss 
of hydrogen bound to C-5. On the other hand, the low D con- 
tent of succinic acid shows that hydrogen is being removed from 
C-5 when the central carbon to carbon bond of squalene is formed, 
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TABLE III 


Deuterium content of degradation products of squalene synthesized 
from acid 


Degradation 1 Degradation 2 
A D A A D 
Squalene*....... 0.071 9.9 0.071 9.9 
Succinic acid...... 0.108 1.8 0.105 1.8f§ 
Levulinic acidf....| 0.066 1.5 0.078 1.8f§ 


* Sample diluted 279 fold (see Table II). 

+ Analyzed as the 2,4 dinitrophenylhydrazone and calculated 
for free levulinic acid. 

t Calculated as follows: 


Dilution X atom per cent excess D X No. of H atoms in compound 


100 


§ Since squalene yields on degradation 1 molecule of succinic 
acid and 4 of levulinic acid, the total recovery of D in these prod- 
ucts is: 1.8 + 4 X 1.8 = 9.0 of the 9.9 atoms retained in squalene. 


|os Atoms D per molecule 
calc. td. 
2 CH3COCH; - 
4 : 2 1.6, 1.9 
1 CH>CO>H 4 1.8, 1.8 
CH2CO>H 


Fig. 1. Expected and observed distribution of deuterium in 
squalene formed from 5-D.-mevalonic acid. The encircled num- 
bers refer to the carbon atoms of mevalonic acid which form the 
new carbon-carbon bonds. 


TABLE IV 


Synthesis of squalene from 2-C'4-pi-mevalonic acid 
in 99 per cent DO 

All flasks contained 1 mg. of ATP, 1 mg. of DPN per ml., and 
0.001 m Mn** except for Experiment B, in which DPN was re- 
placed by the same quantity of DPNH. The gas phase in Experi- 
ments A, B, and D was air, and helium in Experiment B. The 
volumes of D.O in the 4 experiments were 80, 20, 18, and 18 ml., 
respectively. 


Mevalonic acid added, mg....|_ 11 2 1.8 1.8 
Mevalonic acid, ¢.p.m./umole, 490 490 670 670 
Squalene, c.p.m./umole...... 43 25 42 49 
68 118 97 83 
Squalene formed, mg.........| 0.56 0.14 0.28 0.23 
Squalene, atom per cent ex- 

Atoms D per mole of squalene) = 3.75 3.70 3.50 4.00 


* Average of 2 or more analyses. 
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and these reactions, whatever they are, fully account for the 
losses of deuterium observed in the over-all reaction. Since the 


two methylene groups of succinic acid are indistinguishable, no — 


decision can be made whether one atom each is removed from 
two R-CH.,OH groups or both atoms from one and the same 
molecule. 

Taking the data in Table II alone it is difficult to decide 
whether a total of 9 or 10 of the 12 deuterium atoms are retained 
in squalene. However, the good recoveries of deuterium in 
levulinic and succinic acids (Experiment 3, Table III) make it 
reasonably certain that 10 is the correct number. The data 
moreover suggest that in the yeast system used very little if any 
hydrogen at C-5 is enzymatically labilized due to reversal of the 
mevaldic-mevalonic acid conversion. 

Next, by studying squalene synthesis in D.O, we have at- 
tempted to ascertain whether any changes in oxidation state 
occur at C-2, the second of the bond-forming groups of mevalonic 
acid. Labeled hydrogen is taken up in the over-all process and 
from the extent of the incorporation it is possible to deduce cer- 


tain aspects of the synthetic mechanism. As previously reported — 


(11), approximately four atoms of deuterium are incorporated 
when squalene is synthesized from mevalonic acid in a medium 
containing nearly 100 per cent D.O (Table IV). Structural con- 
siderations had suggested that 2 of these D atoms are located at 
the two ends of the squalene chain and that the other 2 enter 
during a reductive step (11). Degradation of the hydrocarbon 
has now shown that 2 of the 4 atoms incorporated are present 


in the succinic acid from the squalene center, 0.8 atom (2 X 0.4 — 
atom) in the acetone derived from the two terminal isopropyl | 
Thus 


groups, and essentially none in levulinic acid (Table V). 
approximately 2.5 to 3 of the 4 atoms of deuterium in squalene 
are accounted for in the degradation products. The low recovery 
of D is probably due to some loss of carbon-bound deuterium 
during the degradation of squalene and particularly during isola- 
tion of acetone in the form of the mercury derivative.” * If this 
is the correct explanation for the incomplete recovery of deute- 
rium, then hydrogen uptake from the D.O environment must be 


limited to the two terminal positions, and to the center of the — 
squalene chain where two hydrogens originally attached to C-5 | 
It is of 
particular significance that no hydrogen enters the four positions — 


groups are replaced by hydrogen from the medium. 


which represent the C-5 to C-2 junctions of mevalonic acid units 
(Fig. 2,C). These results with D.O thus fully confirm and am- 
plify the findings made with deuterio-mevalonic acid. They 
show independently that 10 of the 12 hydrogen atoms bound to 
C-5 of the six participating mevalonic acid molecules are retained 
in the end product and that 2 atoms are removed from the C-5 
groups which form the squalene center. 


The occurrence of oxido-reductions at the adjacent C-2 posi- 
It is 


tions can be excluded on the basis of similar arguments. 
clear that any removal of hydrogen from C-2 would have to be 
followed by re-entry of hydrogen since in the end product of syn- 
thesis the corresponding groups are fully reduced. In the forma- 


2 In a control experiment such an exchange of hydrogen has 
indeed been observed. Unlabeled squalene was degraded and the 


acetone isolated in the presence of 1 per cent D.O. The mercury | 


derivative of acetone contained 0.08 atom per cent excess D. 

3 Loss of deuterium from the 8- and 6-positions of levulinic acid 
as a result of enolization is of course also a possibility. This is 
however less likely than the loss of deuterium from acetone, be- 
cause levulinic acid contained no labeled hydrogen at all in two 
experiments and an insignificant excess in the third (Table V). 
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tion of a total of 4 new carbon-carbon bonds by head to tail 
linkage, @ minimum of 4 hydrogen atoms should be taken up at 
C-2 positions if such hypothetical oxidation-reductions had oc- 
curred. A re-entry of hydrogen in the form of H+, or hydrogen 
exchangeable with H*, is excluded because the total number of 
atoms incorporated from D.O was only 4 and because 3 of these 
atoms are located elsewhere in the molecule. The possibility of 
hydrogen re-entering in the form of hydride ion, 7.e. by direct 
hydride transfer from reduced pyridine nucleotide and therefore 
not exchangeable with H+ (29), is likewise ruled out and on the 
following grounds. When a reduced pyridine nucleotide is the 
reductant, hydrogen is transferred as a pair of H+ and H-. Ina 
heavy water medium, therefore, one D* will be introduced along 
with each unlabeled hydride ion. In the case under discussion, 
ie. the coupling between C-5 and C-2 groups, the reaction: 


R-CH=CH-R + H- + Dt — RCH:2-CHD-R 


would be obligatory if carbon-bound hydrogen had previously 
been removed. In this final reductive step 4 atoms of deuterium 
would therefore be introduced at C-5 along with 4 H- at C-2. 
It is obvious that the data from the experiments with D.O and 
5-D.-mevalonic acid are both incompatible with such reductions 
and hence also with any removal of hydrogen from the C-2 posi- 
tions of mevalonic acid, at any intermediary stage. 

The failure of hydrogen to enter any intra-chain positions of 
squalene except in the center of the molecule also bears on the 
mechanism for decarboxylating mevalonic acid. The carboxyl 
groups cannot be eliminated according to the equation: 


R-CH:COO- + D* — R-CH.2D + CO, 


because D should then have entered squalene at the six C-2 po- 
sitions indicated in Fig. 2,B, which is at variance with the total 
number of D atoms introduced and also with the observed dis- 
tribution pattern. It is true that on degradation of squalene the 
C-2 positions become the 8-methylene groups of levulinic acid 
and therefore susceptible to chemical exchange. However this 
does not weaken the argument because 3 of the 4 atoms of D 
incorporated into squalene have been shown to be located else- 
wherein themolecule. Decarboxylation therefore occurs without 
protonation of the carbon chain. To account for this fact we 
have proposed (11) that the carboxyl group and the tertiary hy- 
droxy] group of mevalonic acid are removed in a concerted fashion 
affording derivatives of A*-isopentenol, 7.e. products with an 
“active” exomethylene group. This is in agreement both with 
the lack of biological activity of various unsaturated acids de- 
rived from mevalonic acid (5) and with the structure of recently 
isolated intermediates (30) which will be discussed below. In 
any event the decarboxylation and the introduction of the double 
bond at the tertiary carbon of mevalonic acid must be closely 
linked. 

It will be recalled that the two isopropyl groups of squalene 
contain D and it could therefore be argued that the precursors 
of the two terminal units of the squalene chain, in contrast to 
the precursors of the intra-chain units, undergo decarboxylation 
by a noneoncerted mechanism. However, for the moment, it 
seems simpler to assume that only a single decarboxylation mech- 
anism exists and that deuterium is introduced at the terminal 
positions, not during decarboxylation, but when the exometh- 
vlene double bonds shift to the neighboring positions (see Fig. 3). 

The interpretation given to the deuterium data up to this 
point may be summarized as follows. The head to tail condensa- 
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TABLE V 


Deuterium concentrations in degradation products of 
squalene synthesized in D.O or TO 


Atoms of D per 


Squalene formed in DO* Atom per cent excess D auainenio 
0.027 3.75 
Succinie acid......... 0.022 —t 
Levulinie acid......... 0.003 <0.1 

Squalene formed in TO{t (d.p.m./mg. Average d.p.m./umole 
. 186 73800 | 4 

174 | 
Succinie acid..........| 182 21500 | 1.16 
Levulinic acid......... (450) <0.1 

Squalene formed in TOt 
Squalene............. 533 238000 + 32000 4+ 0.6 
Succinie acid.......... 940 111000 + 4000 1.93 
Levulinie acid......... 73 8500 + 40 0.15 


* Squalene from Experiment A, Table IV, diluted an additional 
4.1 times. 

t This sample of squalene was degraded by the unmodified pro- 
cedure which gives inaccurate results for succinic acid as ex- 
plained in the experimental part. 

t The incubation mixture contained 100 mc. of T.O, 10 mg. of 
DPN, 10 mg. of ATP, 0.001 m Mn**, and 1.0 mg. of unlabeled 
mevalonic acid in a total volume of 11 ml. The isolated squalene 
was diluted with carrier and purified by way of the thiourea ad- 
duct. 

§ Assuming that the same number of atoms enter per molecule 
of squalene synthesized as in the experiments with D.O. 

" The actual counting rate was only 18 d.p.m. over a back- 
ground of 80. This value is not considered significant. 


Fig. 2. Introduction of D into squalene synthesized from meva- 
lonic acid in a D:O medium. 4A, observed distribution of D in 
squalene, in atoms per molecule; B, distribution of D (™) in squal- 
ene expected from a nonconcerted decarboxylation of mevalonic 
acid derivatives; C, the heavy lines show the bonds formed by 
interaction of isoprenoid units and the expected location of D if 
reductions had occurred during the condensation process. 


tions of the six isoprenoid units take place with complete reten- 
tion of the hydrogen bound originally to C-5 and C-2 of mevalonic 
acid whereas the tail to tail condensation, which affords the 
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Fig. 3. Mechanisms for the condensation of isopentenyl esters 
to geranyl derivatives. A, condensation of 2 molecules of A%- 
isopentenyl ester followed by double bond isomerization; B, (1) 
Isomerization of A’-isopentenyl ester to dimethylallyl ester fol- 
lowed by (2) condensation of dimethylallyl ester with A*-isopen- 
tenyl ester to geranyl derivative. 


central carbon-carbon bond of squalene, is accompanied by the 
replacement of two of the hydrogens at the reacting carbon 
atoms. Secondly, the carboxyl and tertiary hydroxy functions 
of mevalonic acid are removed in a concerted manner yielding 
an unsaturated 5-carbon intermediate which is sufficiently acti- 
vated for condensation at one of the two bond-forming groups. 
The A*-isopentenol derivatives so produced can be readily visual- 
ized to eliminate the —OH or —OR groups at C-5 to form dienes, 
and we have therefore considered the possibility that isoprene 
itself is the condensing unit which polymerizes in a concerted 
manner to a sesquiterpenoid intermediate (11). Attempts to 
convert labeled isoprene into squalene‘ or to demonstrate the 
formation of isoprene from mevalonic acid (2) have however been 
unsuccessful and hence the ‘isoprene’ hypothesis, at least in 
the simplified form presented, must be abandoned. Yet it is 
quite clear that the deuterium data restrict the structural choice 
to compounds with 2 methylene groups which are sufficiently 
activated for condensation. Recent observations in this labora- 
tory satisfactorily reconcile the inactivity of isoprene itself with 
the type of structure postulated on the basis of the deuterium 
data. Several phosphorylated intermediates in squalene synthe- 
sis from mevalonic acid have been isolated (31-33), one of which 
has been identified as the pyrophosphate ester of A*-isopentenol 
(34, 30). The close relation of this compound to isoprene is 
evident. The pyrophosphate ester grouping would furnish a 
suitable leaving group for generating an electrophilic center at 
C-5 and thereby facilitate reaction with a second molecule of 
isopentenyl ester. A condensation process involving isopentenyl 
phosphates was one of the possibilities which we had already 
considered (11). In Fig. 3 two mechanisms for the coupling 
process are shown, both consistent with the isotopic and struc- 
tural evidence and different only with respect to the stage at 
which double bonds in the chain-terminal units are isomerized. 
Mechanism B, the more attractive one on chemical grounds, 
implies the existence of two distinct 5-carbon units, isopentenyl 


‘J. Law and K. Bloch, unpublished experiments. 
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derivatives as precursors for the four internal units and dimeth- 
ylallyl esters for the two terminal ones of the squalene chain, 
Conceivably the dimethylallyl esters are derived from the A?-iso. 
pentenyl derivatives by isomerization, but such a reaction hag 
not yet been demonstrated (See, however “Addendum’’). 

The mechanism presented here for carbon-carbon bond forma- 
tion in the synthesis of isoprene polymers has no apparent anal- 
ogy in biological systems. Elongations of carbon chains, where 
known in some detail, e.g. in the condensation of trioses, acetoin 
formation, fatty acid synthesis, or carboxylation reactions, follow 
a general pattern’ which in its simplest form may be written as 
shown below: 


The carbonyl component is activated by enolization to an anion 
while the other bond-forming carbon acquires nucleophilic char- 
acter by elimination of carbon-bound hydrogen. The condensa- 
tion product retains the oxygen of the carbonyl component, and 
if the ultimate product of synthesis is fully reduced as it is in 
the synthesis of higher fatty acids, the oxygen function is elimi- 
nated later by dehydration. On the other hand, in the head to 
tail condensations of 5-carbon units during terpene synthesis, one 
of the bond-forming carbon atoms is made electron-deficient by 
elimination of an anion, either before or simultaneously with con- 
densation. This permits the carbonium ion to attack the “ae- 
tive’ exomethylene group of the second condensing unit and 
produces the saturated carbon chain in a single step. In some 
respects, notably the nonparticipation of hydrogen from the en- 
vironment, isoprenoid condensation resembles the mechanism by 
which carbon-carbon bonds are formed in the cyclization of 
squalene to lanosterol (35). In both cases saturated carbon 
chains are produced directly, except that in squalene cyclization 
the interaction is intramolecular. 

In the scheme which we have proposed earlier (11), three 


isoprene units were visualized as condensing to form a sesquiter- 
penoid carbonium ion which can stabilize alternatively by proton | 


elimination to farnesene, by OH- addition to the allylic alcohol 


nerolidol or by isomerization and OH- uptake to farnesol. If 


however isopentenylpyrophosphate is the reacting unit, the first 
sesquiterpenoid condensation produced will be the stable farnesyl- 
pyrophosphate. This possibility derives strong support from 


the recent finding of Lynen® that farnesylpyrophosphate is | 


formed from phosphomevalonic acid in yeast extracts. The free 
farnesol which is formed in plant systems could then be produced 
hydrolytically, and the isomeric nerolidol by anion elimination 
and subsequent OH- addition. Similarly, termination of iso- 
pentenyl condensations at the monoterpene stage should afford 


geranylpyrophosphate and by analogous reactions free geraniol | 


and the isomeric linalool. 

As pointed out above, the central carbon-carbon bond of squal- 
ene is established by tail to tail (C-5 to C-5) interaction between 
the appropriate terpenoid intermediates. The formation of this 


’ This generalization may not apply to the pyridoxal -dependent | 
syntheses of serine from glycine and formaldehyde, and of tryp- 
tophane from indole derivatives and serine which may well in- 
volve condensations of active methylene groups. 

6 F. Lynen, private communication. 


=~ 


1430 
| 

R R | 

| 

O 

| 
d 
d 
al 

a 

q 


June 1959 


central carbon-carbon bond raises questions similar to those dis- 
cussed for the condensation of 5-carbon units. Information that 
is relevant to the mechanism involved is given by the deuterium 
content of the degradation products of squalene (Tables III and 
V). These data show that the two C-5 groups of mevalonic acid 
which furnish the central portion of squalene, retain 2 of the 4 
original hydrogen atoms and that 2 hydrogens from the water 
medium enter these positions. A number of mechanisms are 
thereby ruled out, among them the dimerization of two molecules 
of the hydrocarbon farnesene which we had proposed (11) before 
the results of the squalene degradation were known. Also in- 
compatible with the experimental results are symmetrical con- 
densations between two acyl or two carbony] derivatives such as 
farnesenic acid or farnesal. For farnesenic acid this is evident 
since oxidation to the carboxylic acid would remove all hydrogen 
at the two C-5 positions which furnish the central carbon atoms 
of squalene. The possibility of two molecules of farnesal under- 
going an acyloin condensation is excluded because in the reaction 
sequence: 


R-CH:0H — R-CHO; 
2 R-CHO — R-COCHOH-:R; 
R-COCHOH-R — — — R-CH,CH:2-R 


a minimum of 3 atoms of D should be removed from the carbon 
atoms involved and conversely the uptake of D from a D.O 
medium should have been greater than the 2 atoms which have 
been found to enter at these positions. To test the possibility 
that farnesal or farnesol provide one or both of the C,s-condens- 
ing units, these compounds were labeled with tritium at the C-1 
position which corresponds to C-5 of a mevalonic acid unit. 
Whereas 1-T-farnesal was inactive as a squalene precursor, 1-T- 
farnesol yielded squalene with a small but significant content of 
tritium (Table V1). Judging from the extent of the conversion 
farnesol is much less effective a precursor than mevalonic acid 
and it is therefore unlikely that the free alcohol takes part di- 
rectly in the condensation process. Conceivably farnesol is con- 
verted to a limited extent to farnesylpyrophosphate, the inter- 
mediate isolated by Lynen.* A similar explanation may apply 


- to farnesenic acid which according to Dituri et al. (22) is con- 


verted to squalene but judging from the present results is more 
likely on a side path of squalene biogenesis. 

Since squalene is a dihydroterpene, its formation from meva- 
lonic acid according to the equation: 


6 Co6H 120, 2H C30H 50 6 CO, 12 


must include at least one reductive step, regardless of mechanism. 
The existence of this reductive step is reflected by the require- 
ment for DPNH or TPNH in squalene synthesis which has been 
demonstrated for the enzyme systems from both veast (10) and 
liver (36). Since the early transformations of mevalonic acid to 


_ various phosphorylated intermediates are not dependent on re- 


duced pyridine nucleotides (30), this reductive step must occur 
at a relatively late stage of the over-all process. As has been 
pointed out, the formation of the central carbon-carbon bond of 
squalene is associated with the uptake of 2 atoms of hydrogen 
and it would seem reasonable to attribute this uptake to the re- 
duction of a double bond subsequent to the coupling of ses- 
quiterpenoid intermediates. The introduction of 2 hydrogens 
(from water) would suggest that a flavoprotein mediates this 
hydrogen addition since in hydrogen transfer reactions involving 
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TaBLeE VI 


Utilization of 1-T-farnesal and 1-T-farnesol for 
squalene synthesis 
The substrates were incubated for 3 hours at 30° in air in 4 ml. 
of yeast extract containing 1 mg. each of ATP and DPN per ml. 
and 0.001 m Mn**. Squalene was purified by alumina chromatog- 
raphy and by way of the thiourea adduct after dilution with 
carrier. 


Additions Squalene 
d.p.m. 
Farnesal, 1 mg., 5 X 105 d.p.m................ 0; 140 
Farnesal, 1 mg., 5 X 105 d.p.m. plus 0.16 mg 
unlabeled mevalonic acid*.................. 120; 0 
Farnesol, 0.5 mg., 5 K 10° d.p.m............... 860; 830 
Farnesol, 0.5 mg., 5 X 105 d.p.m. plus 0.16 mg 
unlabeled mevalonic acid*................... 980; 1230 


* Added to provide for the possibility that the labeled sub- 
strates furnished only one of the two sesquiterpenoid precursors 
of squalene. 


flavoproteins, hydride and hydrogen ions equilibrate (37). If, 
on the other hand, DPNH (or TPNH) were the immediate hydro- 
gen donor, only 1 of the hydrogens incorporated at the double 
bond should come from the aqueous medium while the other 
should be directly transferred from reduced pyridine nucleotide 
(29). Preliminary experiments’ to test this point have been 
carried out by supplementing the enzyme system with DPN 
and 1-D--ethanol for generating DPND. Under these conditions 
some deuterium is introduced into squalene but the values ob- 
tained, generally much less than 1 atom per molecule, have been 
too low and variable to decide whether DPNH is the immediate 
reducing agent or whether it functions by reducing another co- 
enzyme. 


SUMMARY 


1. 2-C'-5-T-pL-mevalonie acid and 
acid have been synthesized and converted to squalene in yeast 
extracts. The squalene formed from the deuterium-labeled mev- 
alonic acid was chemically degraded and the ratios of D to C™ 
in the various products determined. 

2. It is concluded that the head to tail condensations of iso- 
prenoid units take place without loss of hydrogen bound to C-5 
of mevalonic acid, but that two hydrogens are removed from 
C-5 positions when the central carbon-carbon bond of squalene 
is formed. 

3. Experiments with heavy water show that during squalene 
synthesis from mevalonic acid 3.5 to 4 atoms of hydrogen are 
taken up from the reaction medium and that this hydrogen is 
incorporated at the 2 central carbon atoms and at the terminal 
isopropyl groups of squalene. From the same results it is con- 
cluded that the loss of the carboxyl group and of the tertiary 
hydroxyl group of mevalonic acid is concerted and affords deriv- 
atives of A*-isopentenol. 

4. Mechanisms for the condensation of isopenteny! derivatives 
to terpenes are presented. 


Acknowledgment—The authors gratefully acknowledge stimu- 
lating discussions with Dr. T. T. Tchen which have been invalu- 
able for interpreting the experimental results. 


7H.C. Rilling and K. Bloch, unpublished results. 
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Addendum—Two important papers dealing with the mechanism 


of squalene biogenesis have recently appeared from Lynen’s lab- 
oratory, describing the isolation of farnesylpyrophosphate and 
its conversion to squalene, the enzymatic and organic synthesis 
of isopentenylpyrophosphate and the enzymatic isomerization of 
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The immunochemical differentiation of the alkaline phospha- 
tases from tissues of the dog has been reported (2, 3). Antisera 


against dog intestinal phosphatase quantitatively precipitated 


this enzyme under conditions which were without effect on the 
alkaline phosphatases from liver and kidney of the same species. 
The potential value of this immunochemical approach for studies 
of tissue specificity of functionally similar enzymes and for es- 
tablishing the origin of serum enzymes in normal and diseased 
states stems from the ability of antibodies to react specifically 
with and precipitate homologous antigens from mixtures of anti- 
genically unrelated substances. This has prompted the present 
immunochemical investigation of preparations of alkaline phos- 
phatases from human tissues. 

Studies on the specificity of the antibodies against several 
human tissues will be reported, as well as the use of these anti- 
bodies to establish the contribution by the tissues to the total 
alkaline phosphatase activity in serum. 


EXPERIMENTAL 


Materials and Methods 


Human Intestinal Phosphatase—The enzyme(s) from the mu- 
cosa of the normal entire small intestine was prepared in a par- 
tially purified form by a procedure involving autolysis and frac- 


 tionation with ethanol similar to that described for the dog 


intestinal enzyme (3). The tissue was homogenized in a Waring 


 Blendor with an equal volume of 50 per cent by volume aqueous 


ethanol and 0.1 volume of a 1:1 mixture of ethyl acetate and 
toluene. The mixture was adjusted to pH 6.9 to 7.0 and per- 
mitted to autolyze for 72 hours at room temperature with pe- 


— riodie adjustments of the pH to neutrality with sodium hydrox- 


ide. The mixture was then centrifuged at 18,000 x g for 20 
minutes at about 5°; the supernatant solution was cooled to 
about 10°, and the pH was adjusted with glacial acetic acid to 
pH 4.6 at 10°. After standing for 1 hour at —18°, the solution 
was clarified by centrifugation and the phosphatase was precipi- 


— tated at about 5° by addition of 1.14 volumes of absolute ethanol. 


The precipitate was collected by centrifugation, washed with ab- 
solute ethanol and dried under reduced pressure in the cold. 


* A preliminary report of some of these studies has been pre- 
sented (1). This investigation was supported in part by American 
Cancer Society Grants, No. VI-17, VI-17A and P-55 to M.S8., and 
by American Cancer Society Grants, No. P-163 and P-164-A; 


Grants No. DRG 332B and 332C from the Damon Runyon Me- 


morial Fund for Cancer Research and by a research grant, C-4251- 


(C151) from the National Cancer Institute of the National In- 


stitutes of Health, Public Health Service, to O. B. 


The material thus prepared from 14 normal intestines (about 
2.4 gm.) was combined and extracted with 150 ml. of water. 
The aqueous extract containing about 900 mg. of protein was. 
refractionated in the cold, as above, with 25 per cent ethanol at 
pH 4.6, followed by precipitation of the enzyme in presence of 
70 per cent ethanol at pH 5.0 (glass electrode). The final prod- 
uct, washed as before and dried, was a white powder, soluble at 
pH 7. It contained 28 per cent protein and had a turnover num- 
ber per 100,000 gm. of protein of about 2075 when assayed by 
the procedure already described (2). 

Human Bone Phosphatase (A)—This phosphatase preparation 
was isolated essentially according to the procedure of Martland 
and Robison (4) by extraction with water and chloroform of the 
tumor mass and distal head of the femur from a patient with 
osteogenic sarcoma. The use of this material was dictated by 
the fact that normal bones contain relatively low levels of phos- 
phatase, so that enormous quantities would have been required 
to obtain adequate amounts of enzyme for use in the immuniza- 
tion studies. The use of osteogenic sarcomatous bone as a 
source of bone phosphatase is based on the assumption that 
there is no significant immunochemical difference between the 
enzymes from this tumorous bone and that from normal bone. 

Tumor material, 50 gm., and bone, 39 gm., from the epiphysis 
were homogenized in a blender with H.O (5 and 3 volumes, re- 
spectively) and CHCl; (1 ml.) and set for 48 hours at room 
temperature. At the end of this time, the supernatant fluids 
from these mixtures, obtained by filtration or centrifugation, 
were dialyzed in the cold for 27 hours against distilled water, 
frozen and lyophilized. The residues were then extracted with 
50 ml. of H.O and 0.5 ml. of CHCl; for 2 days at room tempera- 
ture followed by 5 days at about 5°. The extracts were frozen 
and lyophilized. Because the available amount of this enzyme 
was limited, it was not subjected to further fractionation with 
ethanol as was done with the intestinal enzyme. 

The specific activities of these extracts were of the same order 
of magnitude. The separate preparations were therefore pooled, 
dissolved in H.O, lyophilized and stored at about 5°. This prep- 
aration (about 1.8 gm.) was approximately 100 per cent protein 
with a turnover number of about 570. 

Human Kidney and Human Liver Phosphatase—The enzyme 
preparations from kidney cortex and whole liver were obtained 
by autolysis and ethanol fractionation, essentially as described 
for the intestinal enzyme. They were prepared by Dr. Allan 
Grossberg of the laboratory of one of the authors (M.8.).  Ap- 
proximately 88 and 77 per cent of these kidney and liver enzyme 
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TABLE I 


Precipitation of human intestinal phosphatase and human bone 
phosphatase by their antisera, with and without horse 
antirabbit y-globulin antibody 


Precipitation of enzyme 
y antiserum 
Antiserum Enzyme an 
ithout | With horse 
antibody 
ug. % % 
AntiHIP-EtOH-II* HIP-EtOH-II | 
(0.20 ml.) 9.4 | 74 89 
18.7 84 91 
28.1 87 91 
37.4 89 91 
46.8 90 92 
AntiHBP-A HBP-A 
(0.50 ml.) 41.6 63 91 
83.2 77 94 
125 83 96 
166 86 96 
208 84 96 


* The abbreviations used are: HIP-EtOH-II, human intestinal 
phosphatase; HBP-A, human bone phosphatase; AntiHIP-EtOH- 
II, antihuman intestinal phosphatase serum; and AntiHBP-A, 
antihuman bone phosphatase serum. 


samples, respectively, were soluble protein and their turnover 
numbers were about 23 and 80, respectively. 

Antihuman Intestinal Phosphatase Serum—aA total of 133 mg. 
of the soluble antigen protein in an alum suspension was admin- 
istered intravenously to a rabbit in a series of 18 graded-dose 
injections. The injections were given on alternate days. The 
animals were bled on the 7th, 9th, and 14th days following the 
last injection. The pooled serum from these bleedings was pre- 
served with phenol (0.2 per cent), adjusted to pH 7.8 at 25° and 
stored at about 5°. The smallest volume of antiserum which 
precipitated 95 per cent or more of the maximal amount of ac- 
tivity precipitable from 30 ug. of intestinal phosphatase was 0.04 
ml. (5). 

It was shown earlier (2) that the system, partially pure dog 
intestinal phosphatase-antidog intestinal phosphatase, contained 
several precipitating antigens and antibodies of which the enzyme 
and its antibody constituted one pair. It must be presumed that 
the same is true in the case of the human phosphatases which 
are even less pure than the one from the dog. It should there- 
fore be pointed out that the loss of enzyme activity due to precip- 
itation rather than analysis of total protein precipitated was the 
measurement used to follow the reaction of the enzyme with its 
antibodies. 

Antihuman Bone Phosphatase Serum—The serum was prepared 
in the manner described for the anti-intestinal phosphatase serum 
except that 485 mg. of the bone phosphatase was used as antigen. 
The corresponding titer for this antibone phosphatase serum is 
0.3 ml. for 136 ug. of the enzyme. 

Horse Antirablit y-Globulin Antibodies—The preparation of 
horse antibodies against rabbit y-globulin has already been de- 
scribed (6). 

Human Serum—Serum from hospitalized patients and from 
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normal fasted individuals were obtained.!. The pH of each serum 
was adjusted to pH 7.8 at about 25° and clarified by centrifuga. 
tion for 10 minutes at 18,000 x g at 5°. Aliquots of the sera 
were analyzed by the King-Armstrong procedure to establish 
the level of phosphatase activity.2, The remaining serum wag 
preserved with phenol (0.14 per cent) and used for the immuno. 
chemical studies. 

Determination of Protein Concentration and Phosphatase Activ. 
ity—Analysis of protein was carried out by the biuret method 
as previously described (6). For the assay of phosphatase actiy. 


ity in supernatant fluids from the precipitation reactions, samples | 


were incubated at 37° in a medium containing sodium #-glycerol 


phosphate (2.4 « m), MgCl, (1.2 10-? m), and Veronal 


buffer (0.12 to 0.26 m), pH 9.7 at 37°. The mixtures were in. 


cubated for periods ranging from 0.5 to 3.0 hours, depending on — 


the level of activity. Aliquots, 1.0 ml., of the mixtures were 
deproteinized with 5.0 ml. of a 5 per cent solution of trichloro- 


acetic acid, and 2.0- or 4.0-ml. aliquots of the protein-free fil- 


trates were assayed for inorganic phosphate (7). 
Results 


Precipitation of Human Intestinal Phosphatase by Its Antiserum | 


—In these experiments different amounts of the enzyme were 


added to antiserum (0.20 ml.) and the mixtures were made up} 
The amounts of enzyme | 
chosen cover the range of activity that would be found in 1.40 
ml. of sera of 20 to 100 King-Armstrong units (cf. experiments © 


to 2.10 ml. with 0.15 m saline solution. 


on human serum). The mixtures were incubated for 5 minutes 
at 37°, at 25° (room temperature) for 1 hour, and then with 


occasional mixing at 4° for 143 hours. They were centrifuged © 


at 18,000 x g for 0.5 hour at 4° to remove precipitates. Por- 
tions of the clear supernatant fluids were assayed for phosphatase 
activity at pH 9.7 as described. 

In several experiments, 1.0-m]l. portions were withdrawn after 
standing 120 hours, mixed with equal volumes of horse anti 
rabbit y-globulin antibody solution and set at 37° for 5 minutes, 


at 25° for 1 hour, and then for 23 hours in the cold before cen- 


trifugation and analysis as described above. The horse ant- 


bodies, present in amounts capable of precipitating all the rabbit © 
y-globulin, serve to bring down enzyme-antienzyme complexes — 


not otherwise precipitated under the conditions used. 


Normal rabbit serum causes no precipitation or loss of enzyme | 


activity under any of the conditions described above. 
The results of these experiments are summarized in Table ], 
where it may be seen that the precipitation of low concentrations 


of intestinal phosphatase(s) is incomplete but rises with increas | 


ing enzyme concentration to a maximal figure of approximately | 
90 per cent. Other experiments have shown that the use of 
larger amounts of antiserum does not alter this maximal value. 
In the presence of the horse antibodies, this maximal value is 
attained with all the concentrations of enzyme tested. | 

Precipitation of Human Bone Phosphatase by Its Antiserum— fe 

1 The authors are indebted to Drs. Avery Sandberg and William | 
Staubitz of Roswell Park Memorial Institute for making available — 
this clinical material and to Miss Jean Schubarg for preparing the 
sera. 


2 These analyses were performed by the Clinical Biochemical — 
Laboratory of Roswell Park Memorial Institute. 


3 This value for maximal precipitation was obtained with aged | 
(approximately 3 years old) samples of the antiserum. Fresb 
(less than 2 months old) samples yielded the same value. : 
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 antirabbit y-globulin antibodies to the systems. 
_ the antibone and anti-intestine rabbit sera for studies on the 
tissues of origin of the phosphatases in human serum (cf. next 

section), concentrations of serum phosphatase (5 to 50 King- 
_ Armstrong units) which are not maximally precipitated except 
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Studies analogous to the ones described for the intestinal enzyme 
were carried out with the phosphatase(s) from bone and its 
antiserum. The levels of activity contained in the amounts of 
enzyme used roughly correspond to those used in the intestinal 
phosphatase experiment. Because of its lower antibody titer, 
0.50 ml. of the antibone phosphatase serum was used. All other 
conditions were as described for the experiment with the intes- 
tinal enzyme. 

As with the intestinal enzyme, precipitation of bone phospha- 
tase by its antiserum increased with increasing amounts of the 
antigen (Table I) to a maximal figure of about 85 per cent.‘ 
This value was not increased by the use of greater amounts of 
antiserum. Upon addition of horse antibodies it will be noted 
that precipitation of the enzyme becomes almost complete (91 
to 96 per cent) for all concentrations of bone phosphatase used. 

Precipitation of Mixtures of Intestinal and Bone Phosphatases 
by Their Antisera—In these experiments, intestinal and bone 
phosphatase in amounts that were approximately equal in their 
enzyme activity and at concentrations which provided for maxi- 


mal precipitation by the homologous antiserum, were tested with 


anti-intestinal phosphatase and antibone phosphatase serum. 
Mixtures of the enzymes were similarly tested. The amounts 


of antisera used were sufficient to precipitate all of the enzyme 


present, if it was at all precipitable. In the case of the systems 
containing anti-intestinal phosphatase serum, the precipitation 


time was 4 hours; for the systems containing antibone phospha- 
tase serum, it was 48 hours. Centrifugation of all mixtures af- 


ter precipitation was carried out at about 1,800 x g. Analysis 


of supernatant fluids for residual activity was carried out as 


usual. 
From Table II, it is seen that at the concentrations used, the 


- intestinal enzyme(s) was precipitated by its antiserum (86 per 
cent in 4 hours) but scarcely by the antibone phosphatase serum 


(4 per cent in 48 hours). Conversely, an equivalent amount of 
activity in the form of bone phosphatase(s) was not precipitated 
(0.7 per cent in 4 hours) by anti-intestinal phosphatase serum, 


but was maximally precipitated (87 per cent in 48 hours) by the 
antibone phosphatase serum. Further, from mixtures of the 


two enzymes, the anti-intestinal phosphatase serum selectively 


_ precipitated the intestinal phosphatase, and the antibone phos- 


phatase serum selectively precipitated the enzyme from bone. 


_ These results show that the enzymes and their respective anti- 
sera are immunochemically different. 


The experiments do not 
delimit the extent of these differences (cf. experiment on cross- 


reactions, and Table III). 


Cross-reaction of Anti-intestinal Phosphatase Serum and Anti- 


_ bone Phosphatase Serum with Alkaline Phosphatases from Intestine, 


Bone, Kidney and Liver—It has already been observed (Table I) 
that maximal precipitation of low concentrations of the intestinal 
and bone enzymes can be achieved by the addition of horse 
In the use of 


It thus 


‘This value was obtained with aged (approximately 3 years 


in the presence of horse antibodies were often involved. 


- old) samples of the serum. The value for maximal precipitation 
_ observed with fresh (less than 2 months old) samples of this anti- 


_ serum were 92 to 99 per cent. 
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II 
Precipitation of human intestinal and human bone phosphatases 
singly and as mixtures by anti-intestinal and antibone 
phosphatase sera 


Antiserum Enzyme Precipitation of activity 
us. 
AntiHIP-EtOH-II* 
(0.20 ml.) HIP, 60 86 
HBP, 286 0.7 
HIP, 60 
ost 
HBP, 286 
AntiHBP-A 
(1.40 ml.) HIP, 70 4 
HBP, 340 87 
HIP, 70 
+ 98 
HBP, 340 


* See footnote, Table I. 
Tt Percentage of theoretic precipitation of activity for inde- 
pendent behavior. 


TABLE III 


Cross-reactions of anti-intestinal and antibone phosphatase sera 
with alkaline phosphatases from other tissues 


| Precipitation of 
enzyme activity 
Antiserum Enzyme 
Without 
With h 
antibody | antibody: 
ue. % % 
AntiHIP-EtOH-II* 
(0.20 ml.) HBP-A, 87.4 0 6 
HKP-19-II, 1180 2 10 
HLP-50-IT, 405 12 
AntiHBP-A 
(0.50 ml.) HIP-EtOH-II, 22.0 4 61 
; HKP-19-II, 1180 64 89 
HLP-50-II, 405 74 92 


* HIP, HBP, HKP, and HLP denote the phosphatases from 
human intestine, bone, kidney, and liver, respectively. See also 
footnote, Table I. 


became necessary to investigate the possibilities for cross-reac- 
tions in these systems containing horse antibodies. 

Toward this end, precipitations were carried out with the anti- 
intestinal and antibone phosphatase sera and amounts of enzyme 
corresponding roughly to the phosphatase activity contained in 
1.40 ml. of a human serum of about 50 King-Armstrong units. 
The enzymes tested were the alkaline phosphatase preparations 
from intestine, bone, kidney, and liver. The precipitation reac- 
tion mixtures, made up to 2.10 ml. with saline solution were 
incubated for 5 minutes at 37°, 1 hour at 25°, (room temperature), 
and 119 hours at 4°. Then, 1.0-ml. portions were withdrawn, 
mixed with equal volumes of the horse antibody solution, and 
then incubated at 37° and 25° as described above, followed by 
23 hours in the cold. At the end of this time (144 hours total), 
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all of the mixtures, those treated with horse antibodies and those 
not so treated, were centrifuged at about 18,000 x g for 0.5 
hour. Aliquots of the clear supernatant fluids were then ana- 
lyzed in the customary manner for phosphatase activity. 

From the results of these experiments, Table III, it is seen 
that the anti-intestinal phosphatase serum causes no more than 
a small amount of precipitation of any of the phosphatases from 
the other tissues, in the presence or absence of horse antibodies. 
On the other hand, the antibone phosphatase serum precipitates 
the enzymes from other tissues to varying degrees (4 to 74 per 
cent) in the absence of horse antibody, and precipitates them 
extensively (61 to 92 per cent) in its presence. 

The use of horse antibodies has revealed cross-reactions of 
human intestinal phosphatase(s) with antibone phosphatase 
serum that were not evident from the precipitation studies car- 
ried out in their absence (cf. Table II). 

Because of lack of antikidney and antiliver phosphatase sera, 
it is not known whether these would cross-react with the en- 
zyme(s) from bone. 

Precipitation of Human Serum Phosphatase by Anti-intestinal 
Phosphatase Serum and by Antibone Phosphatase Serum—For the 
precipitation of human serum phosphatases by the two antisera, 
1.40 ml. of serum were mixed with anti-intestinal phosphatase 
serum (0.20 ml.) or with antibone phosphatase serum (0.50 ml.) 
or with both. Normal rabbit serum was added to bring the 
volume of these mixtures to 2.10 ml. The conditions for their 
incubation, subsequent treatment with horse antibodies and 
analysis for phosphatase activity are exactly as described in the 
previous experiment. 

From Table IV, it may be seen that the anti-intestinal phos- 
phatase serum precipitates 13 to 29 per cent (presumably phos- 
phatase(s) of intestinal origin) of the total serum enzyme from 
normal individuals, and 0.5 to 11 per cent from sera of the cancer 
patients. In three of the five sera from cancer patients, the 
actual number of units of enzyme precipitated by the anti-intes- 


TABLE IV 


The precipitation of human serum phosphatase by anti-intestinal phosphatase and antibone phosphatase 
sera in the presence of horse antibody 


Tissue Sources of Human Serum Alkaline Phosphatases 


tinal phosphatase serum was within the normal range. The 
percentage of total serum enzyme precipitated by the antibone 
phosphatase serum was 60 to 72 per cent for the normals and 8 
to 94 per cent for the cancer patients. A mixture of anti-intes- 
tinal phosphatase serum and antibone phosphatase serum 
brought down no more enzyme than did the antibone phospha- 
tase serum alone (cf. Table IV, columns 5-8). This finding is 
consistent with the results of the previous experiment (Table 
III) where it was shown that, in the presence of horse antibody, 
intestinal phosphatase(s) is precipitated by antibone phospha- 
tase serum. 

A tentative approximation of the contribution to the serum 
phosphatase by the enzyme(s) of osseous origin can be made by 
subtracting the amount precipitated by anti-intestinal phospha- 
tase serum from the amount precipitated by the mixture of both 
antisera. This contribution (Table IV, columns 9-10) in the 
case of the normals is approximately 40 to 59 per cent of the 
serum phosphatase. For the cancer patients, the contribution of 
bone phosphatase is considerably greater. It ranges from 75 to 
93 per cent, being greatest in the cases with skeletal metastases, 
In the absence of any information regarding the presence in serum 
of phosphatases from liver or kidney which were shown to be 
capable of cross-reacting with antibone phosphatase serum, this 
enzyme must be referred to as “bone” phosphatase with reserva- 
tions. 

The ratio of “‘bone”’ to intestinal phosphatase is 1.4 to 4.6 for 
the normals and from 6.9 to 190 for the cancer patients (Table 
IV, column 11). 

In the last two columns of Table IV is recorded the fact that 
approximately 28 to 39 per cent (1.8 to 2.6 units) of serum phos 
phatase from the normal individuals was not precipitated by 
anti-intestinal plus antibone phosphatase sera, whereas, for the 
cancer patients, 6 to 22 per cent (3.9 to 13.6 units) could not be 
precipitated. The nature and origin of this phosphatase(s) re- 
mains to be established. 
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Phosphatase precipitated by Ratio of 
Clinical diagnosis Serum “Bone’’ phos- prects itated b 
K.-A. unitst % Unitst % Unitst % Units} % Units} % Units} 
Normal patient...... 8.4 29 2.4 67 5.6 69 5.8 40 3.4 1.4 31 2.6 
Normal patient...... 4.7 13 0.6 60 2.8 61 2.9 48 2.3 3.8 39 1.8 
Normal patient... ... 8.4 13 1.1 72 6.0 72 6.0 59 5.0 4.6 28 2.4 
Cancer patients 
Kidney (removed); 
liver metast...... 50 11 5.5 87 44 86 43 75 38 6.9 14 7.0 
Breast; liver and 
skeletal metast.. . 118 S 9.4 92 109 91 107 83 98 10 9 11 
Cystic duct; liver 
Bs ba cides 6 62 3 1.9 80 50 78 48 75 47 25 22 13.6 
Prostate; skeletal ' 
Se eae re 48 3 1.4 93 45 92 44 89 43 31 Ss 3.9 
Prostate; skeletal 
RG ccs cS 122 0.5 0.6 94 115 O4 115 93 114 190 6 7.0 


* See footnote, Table I. 


t ‘‘Bone”’ phosphatase values were obtained by subtracting the values in column 3-4 from those in column 7-8. 


planation. 
t King-Armstrong units. 


See text for ex- 4 
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DISCUSSION 


The present work is a continuation of studies on the differen- 
tiation of enzymes of similar activity from different organs of a 
species by immunochemical means. It was previously shown 
that specific antibodies formed against alkaline phosphatase from 
dog intestine could be used to differentiate this tissue alkaline 
phosphatase(s) from those of the liver and kidney of dog (2, 3). 
In an analogous manner, Henion and Sutherland (8) were able 
to differentiate the phosphorylases from dog heart and liver from 
each other and from those of several other tissues of the dog. In 
the present investigation, antisera against the phosphatases from 
human sarcomatous bone and intestine were shown capable of 
differentiating between these enzymes (Table II), precipitation 
of the one being affected under conditions in which the other 
remained unprecipitated, and vice versa. However, the intesti- 
nal enzyme(s) is largely precipitated by antibone serum in the 


| presence of horse antirabbit y-globulin antibodies (Table ITI). 


A reciprocal cross-reaction between the phosphatase(s) from 
bone with anti-intestinal phosphatase serum is not observed. 
These cross-reactions of the antiserum from bone with the en- 
zymes from intestine, liver and kidney suggest that there are 
region(s) of antigenic or haptenic similarity in the phosphatase 
preparations used. The usefulness of the horse antibody system 
for detecting nonsedimentable antigen-antibody complexes is il- 
lustrated by these experiments (cf. also (6)). 

The possibility also exists that the blood in the tumor mass of 
the osteogenic sarcoma contained enzymes from other tissues 
(intestine, liver, kidney) in amounts sufficient to elicit an anti- 
body response in rabbits. The serum cross-reaction would then 
be due to the fact that the ‘“‘antibone”’ serum contains antibodies 
not only to bone phosphatase but to these others as well. Ab- 
sorption of the antiserum with specific enzymes could be used to 
test this possibility. It is also possible that most of the phos- 
phatase isolated from liver and kidney is of bone origin. 

The origin of the alkaline phosphatase in serum has been in- 
vestigated by a variety of techniques (9-19), e.g. surgical removal 
of organs, diversion of lymph supply, alterations in diet, measure- 
ment of enzyme-substrate dissociation constants, studies on re- 
sponse of serum enzyme to inhibitors or activators compared 
with response of enzymes isolated from organs, and so on. The 
variety of animal species and experimental techniques used ren- 
ders difficult a comparison of results of these studies with each 
other. For this same reason, it is not possible to compare satis- 


M. Schlamowitz and O. Bodansky 


1437 


factorily the results of the present investigation with these 
others. 

The results of the present investigation suggest that in the 
fasted normal human subject and in the pathological cases re- 
ported, the intestine does not contribute a very large share of 
the serum phosphatase. On the other hand, serum phosphatases 
(corrected for intestinal phosphatase) precipitable by antibone 
serum account for 40 to 59 per cent in normal individuals and 
as much as 94 per cent in individuals with elevated levels of 
serum phosphatases and skeletal metastases. In the light of 
the cross-reactions which have already been discussed, between 
the antibone serum and the phosphatases from liver and kidney, 
this phosphatase(s) cannot yet be unequivocally attributed to 
bone. However, the fact that the percentage of serum phos- 
phatase precipitated by antibone serum rises markedly in the 
case of serum for individuals with extensive skeletal metastases 
strongly suggests its osseous origin. 

It will be desirable to extend these studies to cover a larger 
number of cases, both normal and abnormal, and to investigate 
antisera to other tissues which may be conceived of as sources of 
serum phosphatase. 


SUMMARY 


The use of the tissue antisera to establish the tissues of origin 
of the serum alkaline phosphatases has been explored. 

1. Precipitating antisera for the alkaline phosphatases from 
human intestine and osteogenic sarcomatous bone have been 
prepared in rabbits by intravenous administration of the par- 
tially purified antigens in alum suspensions. 

2. The enzymes from intestine and bone may be differentiated 
by the selective precipitating action of their homologous antisera 
under suitable conditions. 

3. By the use of horse antirabbit y-globulin antibodies to 
precipitate nonsedimentable complexes of enzyme with rabbit 
antibody, cross-reactions between the enzymes from intestine, 
kidney, and liver, with antibone serum have been demonstrated. 

4. For the normal fasted individual, and for individuals with 
a variety of tumors who show high serum phosphatase activity, 
the major portion of the serum enzyme appears to be of non- 
intestinal origin. ‘The possibility that it is of osseous origin is 
discussed. 
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Isolation of y-Guanidinobutyric Acid from Calf Brain 
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y-Guanidinobutyric acid was first isolated from among the 
oxidation products of arginine (1) and was later found to occur 
widely in nature (2-10). It was shown to arise in marine in- 
vertebrates by the oxidation of arginine through the action of 
L-amino acid oxidase (3), and in mammals by a transamidina- 
tion reaction involving y-aminobutyric acid and an amidine 
donor such as arginine (11). y-Guanidinobutyric acid was ob- 
served to be degraded to y-aminobutyric acid by an extract of 
rabbit intestine mucous membrane (12). The latter work has 
recently been verified and extended to other organs such as liver 
and kidney. 

Recent findings that these two derivatives of butyric acid may 
play a role as possible humoral agents (13-15) prompted us to 
undertake the isolation of y-guanidinobutyric acid from brain 
tissue. Preliminary isolation experiments (10) with 1.5 kg. of 
cattle brains yielded a product in insufficient amount for a 
_thorough characterization of the compound. We have now 
repeated the work with a larger amount of brain tissue, and have 
succeeded in the isolation of 22 mg. of crystalline y-guanidino- 
butyric acid. 


EXPERIMENTAL 


Preparation of Brain Extracts—Brains from freshly killed 
calves were immediately frozen in a thermos jar containing dry 
ice and taken to the laboratory from the slaughter house. Of 
this material, 8 kg. were homogenized in the cold with 29 1. of 
75 per cent ethanol, and the suspension was allowed to stand 
overnight at 5°. The homogenate was centrifuged and the 
supernatant fluid was used for the ion exchange fractionation. 

Fractionation on Dowex 50—A\I\ ion exchange chromatographic 
procedures were performed at 5°. Two columns (45 X 2.2 cm.) 
of Dowex 50-X8, 50 to 100 mesh, in the acid form were used to 
adsorb the guanidine derivatives and amino acids from the 
extract. The columns were each washed with 2 1. of 75 per cent 
ethanol, and then with distilled water until the washings were 
neutral. The effluents and washings were discarded, and 1.0 N 
NH,OH was percolated through the column, 10-ml. fractions 
being collected at the rate of 15 to 20 ml. per hour. -y-Guani- 
dinobutyric acid begins to emerge at about tube 65 and continues 
through tube 90. Detection was carried out by one-dimensional 
paper chromatography by the ascending technique on a paper 
(S&S 598) cylinder, 6 inches tall, with tert-butanol-formic acid- 
H.O (70:15:15 by volume) as solvent. The paper was sub- 


* Present address, Mead Johnson and Company, Evansville, 


Indiana. 
1J.J. Pisano, D. Abraham, and 8. Udenfriend, personal com- 
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sequently sprayed with a modified Sakaguchi reagent spray,? or 
with a modified acetylbenzoyl spray,? or with both. From each 
column, the contents of tubes 65 to 90 were pooled, concentrated 
to 25 ml. in a rotary evaporator under vacuum at room tempers. 
ture, and the concentrate was used for the next fractionation 
procedure. | 

Fractionation on Dowex 1—The concentrated fraction from 
Dowex-50 was put through a column (35 X 3.1 cm.) of Dowex 
1-X8, 200 to 400 mesh, in the hydroxyl form. The column was 
previously equilibrated with CO.-free alkali and washed free 
from excess alkali with CO,-free distilled water. The column) 
was then eluted with CO.-free distilled water, and 10-ml. frac. 
tions were collected. Tubes 19 to 35 contained y-guanidino | 
butyric acid contaminated with creatine and a small amount of 
arginine. When the contents of tubes 19 to 35 were combined 
and evaporated to a small volume, creatine crystallized and was? 
removed. 

Chromatography on Dowex 50—The separation of -y-guanidino- 
butyric acid from creatine was accomplished by ion exchange 
chromatography on a Dowex 50-X8, 200 to 400 mesh resin’ 
(column 9 X 40 cm.) in the acid form. Elution was started 
with 1 n HCl, and the eluate was collected in 1-ml. fractions, 
Creatine was eluted in tubes 17 to 33. At tube 40, elution with 
2 n HCl was begun. -y-Guanidinobutyric acid was found in 
tubes 58 to 70. These fractions were combined and concentrated 
to a small volume in a rotary evaporator in a vacuum at room 
temperature. The substance was detected by applying 10-ul. 
spots to a filter paper which was then sprayed with a modified 
Sakaguchi or acetylbenzoyl reagent. 
removed on a column of Dowex | resin in the hydroxy] form, 
and y-guanidinobutyric acid was eluted with CO,-free distilled 
water. 
volume when free y-guanidinobutyric acid crystallized out as 
long rods. It was recrystallized three times from a water- 
ethanol mixture (1:1) in a yield of 22 mg. This represented 
about 55 per cent of the total estimated amount of y-guanidino- 
butyric acid in the brain tissue taken (10). 

Paper Chromatography—For the descending technique (16, 17) 


The hydrochloric acid was | 


The resultant solution was concentrated to a small | 


we used fert-butanol-formic acid-H,O (70:15:15 by volume) and 


tert-amyl alcohol-2,4-lutidine-H:O (38:38:24 by volume) 


solvents. 


For the ascending technique (18), the following solvents (19) 


were used: n-butanol-acetic acid-H.O (73:10:17 by volume); — 


pyridine-isoamylalcohol-acetic acid-H,O (80:40:10:40 by vol” 
ume); n-butanol-methanol-H.O (33:33:35 by volume). 


2 F. Irreverre et al., in preparation. 
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| RESULTS 
The isolated product is fairly soluble in water, very sparingly 
soluble in ethanol, insoluble in benzene, ether, chloroform, and 6F 
carbon tetrachloride. It gives a negative ninhydrin test and a 
positive test with the Sakaguchi reagent and with the oxidized > Sr 
nitroprusside and the acetylbenzoy] reagents. It melted at 246- e-4 
948° with decomposition. z= 4b 
° 
Calculated: C 41.37, H 7.64, N 28.95 pr 
Found: C 41.38, H 7.66, N 28.97 .2F 


Flavianate of y-Guanidinobutyric Acid (Natural)—To 45 mg. of 
favianic acid in 0.5 ml. of water were added 12 mg. of the natural 
y-guanidinobutyric acid (20). After standing at room tempera- 
ture for several hours, the flavianate was filtered off and recrystal- 


tra 
a lized three times from water and finally from 60 per cent ethanol. 
ration - It melts at 205-207°. The flavianate from synthetic y-guanidino- 


butyric acid melts at 206-207°. A mixture of the two flavinates 


from melted at 206-207°. 
C 1 sH 50, 
ahd Calculated: C 39.21, H 3.73, N 15.32 
Found: 39.42, H 3.59, N 15.33 
| 
frac-' Flavianate of y-Guanidinobutyric Acid (Synthetic)—To 4.5 gm. 


dino of synthetic y-guanidinobutyric acid in 50 ml. of warm water 
were added 20 gm. of flavianic acid dissolved in 100 ml. of water. 
The flavianate precipitated rapidly from solution. It was re- 
crystallized three times from water and finally from 60 per cent 
ethanol. It melts at 206-207°; yield 7.5 gm. 


CisHiN sO105 


Calculated: C 39.21, H 3.73, N 15.32 
Found: C 39.19, H 3.67, N 15.34 


Conversion of ‘y-Guanidinobutyric Acid to y-Aminobutyric 
Acid—To 1.8 mg. of the isolated y-guanidinobutyric acid in 1.3 
ml. H.O was added 0.1 gm. of Ba(OH).-8 H.O, and the mixture 
was diluted to 4 ml. and heated in an oil bath at 110° for 2.5 
hours (21). On cooling, barium was removed as the carbonate 
and the filtrate was evaporated to dryness and redissolved in 0.5 
ified | mJ. of water. This solution was used for paper chromatography 
Wa and other tests. It gives a positive ninhydrin and negative 
Sakaguchi test. When the ninhydrin reaction is carried out at 
pH 8.0, a bright white fluorescence *s observed under ultraviolet 
mall light similar to that given by synthetic y-aminobutyric acid 
t 88{ treated the same way (22). When chromatographed on paper 
(16) in parallel with synthetic y-aminobutyric acid, the Rp 
values of 0.52 in tert-butanol-formic acid-H.O (70:30:30 by vol- 
ume) and 0.05 in tert-amyl alcohol-2,4-lutidine-H,O (38:38:24 
by volume) were obtained. 

17) _ As may be seen in Fig. 1, the y-aminobutyric acid obtained by 
and the above procedure gives a positive and quantitative reaction 
a in the highly specific enzymatic test developed by Jakoby and 
- Scott (23) for y-aminobutyric acid, whereas the parent compound, 
y-guanidinobutyric acid gives a negative reaction. A known 
| specimen of y-aminobutyric acid (0.102 umole per ml. of reaction 
yol mixture) similarly treated gives an identical tracing. 

_ In the chromatography of the flavianates of y-guanidino- 
butyric acid (Table I), the complexes are not dissociated in 
n-butanol-acetic acid-H,O solvent although they are dissociated 


ADD UNKNOWN 


MINUTES 


Fic. 1. Tracing from a Cary spectrophotometer illustrating the 
formation of TPNH as a function of time after the addition of the 
unknown (y-aminobutyric acid) to a solution containing the fol- 
lowing (in umoles per cc.): Tris chloride buffer, 50; mercaptoeth- 
anol, 5; TPN, 1; a-ketoglutarate, 2; appropriate amount of the 
enzyme preparation containing both y-aminobutyric-glutamic 
transaminase and succinic semialdehyde dehydrogenase (23). 


TABLE I 


Paper chromatography of flavianates of synthetic 
and natural y-guanidinobutyric acids 


Rr 


Solvents y-Guanidinobutyric 
acid 
Flavianic acid 
Synthetic | Natural 
n-Butanol-acetic acid-H,O0 0.46 0.45 0.46 
(73:10:17) 
n-Butanol-methanol-H2O 0.59 0.59 0.69 
(33:33:35) 
Pyridine-isoamyl alcohol-acetic | 0.51 0.52 0.71 
acid-H2O (80:40: 10:40) 


in n-butanol-methanol-H.O and in pyridine-isoamyl alcohol- 
acetic acid-H,O as judged by the Rp values of the respective 
moieties. The flavianic acid portion was seen as a yellow spot 
and the guanidine part was revealed by the modified Sakaguchi 
spray. The Rp values of the y-guanidinobutyric acid in these 
solvents are essentially the same as those found by other authors 
(19). 

Since it has been shown that y-guanidinobutyric acid could 
arise from arginine by oxidation, especially under alkaline condi- 
tions (19), arginine was carried through the isolation procedure 
employed here; no detectable amount of y-guanidinobutyric acid 
could be demonstrated. 


DISCUSSION 


The identity of the isolated compound as y-guanidinobutyric 
acid is based on the following facts. It gives a positive Sakaguchi 
and a negative ninhydrin test suggesting that it is a mono- 
substituted guanidine and has no free amino group. Its move- 
ment by paper electrophoresis and its behavior on ion exchange 
columns suggest that the compound has both basic and acidic 
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groups. Treatment with barium hydroxide produces y-amino- 
butyric acid identified by the specific enzymatic test (23), by 
paper chromatography, and by its fluorescence under ultraviolet 
light when treated with ninhydrin at pH 8.0 (22). The elemental 
analyses of the free guanidine compound as well as that of its 
flavianate agree with those of the known synthetic compound. 
The Rp values of the natural and synthetic y-guanidinobutyric 
acids as well as their flavianates in 5 solvent systems are prac- 
tically the same. The infrared spectra of the flavianates of the 
natural and synthetic guanidine compounds determined with 
Nujol mulls are identical. 


Isolation of y-Guanidinobutyric Acid from Calf Brain 


Vol. 234, No.¢ 


SUMMARY 
-Guanidinobutyric acid has been isolated from calves’ braiz 
in pure form by a series of fractionations on ion exchange resins 
Its identity was established by chromatographic behavior, melt. 
ing point, degradation, and enzymatic reaction, elemental anal. 
yses of the free acid as well as the flavianate, and by infrare 
absorption spectra. 


Acknowledgment—The authors wish to thank Dr. W. C. Alfor: 
of this Institute for the microanalyses and Dr. W. B. Jakoby fe 
the enzyme preparation. 
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Ultracentrifugal Studies on Ribonucleoprotein from 
Rat Liver Microsomes*; 
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The ribonucleoprotein of rat liver microsomes requires some 
dialyzable substance for stability (2), and can be purified by re- 
peated washings with liver dialysate (3). Since a similar ribo- 
nucleoprotein from yeast is stabilized by low concentrations of 
magnesium or calcium (4, 5), it seemed probable that dibasic ions 
were the effective constituents of the liver dialysate. Dilute so- 
lutions of magnesium salts can be substituted for the liver dial- 
ysate. The magnesium concentration, however, is critical; too 


+ much magnesium causes aggregation and precipitation of the 


ribonucleoprotein, whereas too little leads to dissociation into 
smaller units. The optimal concentration of magnesium de- 
pends on the pH and on the nature and concentration of the other 
ions in the solution, 

In this paper an improved method of purification is described, 
in which the RNP is washed in a buffer containing magnesium 
chloride, and further purified by precipitation with barium ace- 
tate. The changes in the structure of the RNP which result from 
variations in magnesium concentration, pH, and the ionic com- 
position of the solution, have been followed in the analytical ul- 


tracentrifuge. 
EXPERIMENTAL 

Preparation of Liver Ribonucleoprotein—RNP was prepared 
from the livers of adult male rats. The microsome structure was 
disrupted by 0.5 per cent sodium deoxycholate and the RNP was 
purified by alternate cycles of high- and low-speed centrifugation 
as previously described (3). Perfusion of the livers was omitted. 
A dilute buffer (0.0005 m K:HPO,, 0.0005 m KH2PO,, pH 6.8) 
containing MgCl, (0.0005 m) was substituted for liver dialysate. 
Potassium penicillin G (6 mg./100 ml.) was added to all solutions 


to suppress bacterial growth. The fourth wash cycle was 
omitted. 


The RNP was further purified by precipitation with barium 
acetate. To a solution containing from 7 to 10 mg. of RNP per 
ml., in the phosphate-MgCl, buffer, 0.02 m barium acetate was 
added to give a final concentration of 0.005 m. The RNP pre- 
cipitated rapidly. After 30 minutes the precipitate was removed 
by centrifugation for 10 minutes at 8000 x g. The clear, yellow 


* This investigation was supported by funds from the Atomic 


Energy Commission under Contract AT(30-1)-910, and by Re- 


search Grant CY 3190 from the National Cancer Institute of the 
National Institutes of Health, Public Health Service. 

+ A preliminary report of this work has been presented (1). 

t Sloan Predoctoral Fellow. 

‘The abbreviations used are: RNP, ribonucleoprotein; and 
EDTA, ethylenediaminetetraacetic acid. 


supernatant, which contained ferritin (3), was decanted. The 
pellet was resuspended in a small volume of the phosphate buffer 
(0.001 m, pH 6.8) containing MgSO, (0.0005 m), and dialyzed 
against a large volume of the same buffer for 2 or 3 days. Ag- 
gregated material, probably BaSO,, was removed by centrifuga- 
tion at 8000 X g for 10 minutes, leaving a faintly yellow, opales- 
cent solution of RNP. The recovery of RNP was about 95 per 
cent. 

All operations were carried out at 5°. 

Chemical Analyses—RNA was determined by the orcinol test 
and total nitrogen by semi-micro Kjeldahl analysis as previously 
described (3). For the determination of dry weight, samples 
containing about 30 mg. were first lyophilized and then heated to 
constant weight at 110° (4). It was convenient to calculate the 
approximate concentration of RNP from the absorbancy at 260 
my by means of an experimentally determined extinction coeffi- 
cient, P+ of 120. 

Electrophoretic Analysis—A solution of RNP (10 mg. per ml.) 
was dialyzed overnight on a stirrer against a liter of 0.1 m KHCOs, 
0.001 m MgCl, and then analyzed in a 2-ml. cell by the moving 
boundary technique. The resistance of the dialysate at 0° was 
used for the calculation of mobility. 

Ultracentrifugal Analysis—In all cases a concentrated stock 
solution of RNP in the dilute phosphate-MgSO, buffer was di- 
luted to the desired concentration. The concentrations of the 
various components were computed from the areas under the 
peaks with an assumed refractive index increment of 1.87 « 10-4 
for a solution containing 1 mg. per ml. 

For the determination of sedimentation coefficients, concen- 
trated samples of RNP were dialyzed overnight. Several dilu- 
tions were analyzed at 15,220 or 37,020 r.p.m. at room tempera- 
ture. Three samples (of 3.2, 2.2, and 0.95 mg. per ml.) were 
analyzed in 0.1 m KCl, 0.001 m potassium phosphate, 0.0005 m 
MgCl, at pH 6.8; four samples (of 5.8, 2.5, 1.3, and 0.7 mg. per 
ml.) in 0.1 m KCl, 0.0033 m cacodylic acid, 0.0020 m MgCl, at 
pH 6.5;? and four samples (of 11.6, 5.2, 2.5, and 1.5 mg. per ml.) 
in 0.1 mM KCl, 0.0048 m diethylbarbituric acid, 0.0020 m MgCl., 
at pH 7.4. The temperatures were corrected for the adiabatic 
expansion of the rotor. 

The EDTA’ titration was carried out at 5° by adding to 4 mg. 
of RNP in 0.5 ml.: 0.2 ml. of 0.5 mw KCl, 0.06 m diethylbarbituric 


2 The pHs of the cacodylate, diethylbarbiturate, and borate 
buffers were adjusted by the addition of KOH. 

’ EDTA was obtained from Geigy Industrial Chemicals, Ards- 
ley, New York in the form of the disodium salt, Sequestrene Nag. 
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ASCENDING DESCENDING 
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Fig. 1. Electrophoretic patterns obtained on barium acetate- 
precipitated RNP in 0.10 m KHCO;, 0.001 m MgCl, at pH 8.3 after 
102 minutes at 5.2 volts percm. T = turbidity. 
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Fic. 2. Ultracentrifugal patterns. J. Sample dialyzed one day 
against 0.1 m KCl, 0.002 m MgCl; at pH 6.5 (0.0033 m cacodylic 
acid). Pattern after 2 minutes at 37,020 r.p.m. at 26° (4-mm. 
cell). IZ. RNP (12 mg. per ml.) in 0.1 m KCl, 0.002 m MgCl, at 
pH 7.4 (0.0048 m diethylbarbituric acid). Pattern after 76 min- 
utes at 15,220 r.p.m. at 26° (4-mm. cell). JI. Sample dialyzed for 
4 days against 0.1 m KCI, 0.001 m MgCl, at pH 9.3 (0.0062 m boric 
acid). Pattern after 14 minutes at 37,020 r.p.m. at 26°. JV. 
Sample dialyzed for 2 days against 0.1 m KHCO; at pH 8.3. Pat- 
tern after 18 minutes at 37,020 r.p.m. at 26°. 


acid, pH 7.2; enough concentrated EDTA (0.01 to 0.10 m) to 
give the desired final concentration; and water to a final volume 
of 1 ml. The samples were analyzed as soon as possible at 44,770 
r.p.m. at 5°. 

In the stability studies, samples containing from 3 to 5 mg. 
per ml. were dialyzed overnight or longer at 5° against 100 vol- 
umes of buffer solutions of the desired final composition and then 
examined in the ultracentrifuge at 37,020 r.p.m. at room tem- 
perature. 


RESULTS 


Chemical Analyses—RNP purified by barium acetate precipi- 
tation contains 40 per cent RNA and 15.5 per cent nitrogen on a 
dry weight basis. Of the remainder 5 to 10 per cent is lipide and 
the rest, 50 to 55 per cent, is protein. 

Electrophoretic Analysis—The patterns in Fig. 1 show the over- 
all purity of barium acetate-precipitated RNP and particularly 
the absence of ferritin peaks (electrophoretic mobility about 
—5 X 10-5 cm.? per volt per sec. (3)). In 0.1 m KHCOs, 0.001 m 
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MOLARITY OF EDTA 


Fia. 3. The effect of the removal of magnesium by EDTA on 
the concentrations of the ultracentrifugal components of RNP. 
EDTA was added directly to samples of RNP in 0.1 mM KCI at pH 
7.2 (0.012 m diethylbarbituric acid). 


MgCl., the mobility of the peak is —9.0 « 10-5 cm.? per volt per 
sec. 
panied by a slight turbidity, represents RNP which probably is 
binding more magnesium.‘ On ultracentrifugal analysis this so- 
lution contained 18 per cent A’ + A, 55 per cent B, and 27 per 


cent C to S (see below). | 
Ultracentrifugal Analysis—A fresh RNP preparation chiefly in — 


the B form is shown in Fig. 2,J7. Small amounts of A (about 
110 S) and C (63 8S) are present. The sedimentation coefficient 
of the B boundary is strongly dependent on the RNP concentra- 
tion. 


than the B peak gave a regression equation of 829, = 83 — 14.5¢ | 
where c is the concentration in gm. per 100 ml. of B plus the - 
slower components. The value at infinite dilution, 83 S, is about 
7 per cent higher than the previously reported 77.5 S (3). ! 

Fig. 2 also shows some of the other types of patterns obtained ) 
in these studies. Under some conditions B (83 8S) is converted — 
into slower components, such as C (63 S), D (about 50 8), E 
(46 S), F (about 30 8S) and S (about 58) (Fig. 2,J77, IV). This 
change will be referred to as dissociation, although changes in 
shape and hydration may also contribute to the reduction in the 
sedimentation coefficient. Other conditions lead to the forma- | 
tion of association products such as A and A’ (about 140 S), and © 
to aggregation as shown by the presence of a fast polydisperse ; 
boundary (Fig. 2,/). | 

The optimal magnesium concentration for the preservation of 


The shoulder on the slow side of the peak, which is accom- | 


Sedimentation coefficients obtained on eleven samples in 
which less than 10 per cent of the RNP sedimented more slowly © 


component B is dependent on the pH of the solution and on the | 
nature and concentration of the buffer ions present. Since, un- — 


der some conditions, the changes are slow and progressive, the _ 


time factor must also be considered. 
‘The mobility of RNP is dependent upon the magnesium ion | 


concentration. Petermann, M. L., and Hamilton, M. G., unpub- : 
lished results. : 
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and 0.0005 m MgCl: were unchanged. 
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TaBLeE I 
Effect of vartous dibasic cations on dissociation of ribonucleoprotein 


The samples were analyzed after dialysis for 2 days against 0.1 
wu NaCl at pH 8.1 (0.005 m diethylbarbituric acid) in the presence 
of 0.0005 m dibasic metal chloride. 


Ultracentrifugal components 
Cation 
A’ +A B C to F* 
mg. per ml 

Sr** 0 0.17 3.61 0.79 
Batt 0 0 3.22 {| 0.36 


* The sum of C, D, E, and F. 


1. Effect of Removal of Magnesium by EDT A—The results of 
an EDTA titration of RNP are presented in Fig. 3. As increas- 
ing amounts of EDTA were added, the sum of A’, A, and B de- 
creased while that of the slower components increased. The 
sum of C and D reached a maximum and then declined as E be- 
gan to increase sharply. F did not appear until E began to in- 
crease sharply and then was present in almost one-half the con- 
centration of E. The concentration of S increased only slightly. 
At concentrations of EDTA above 0.0040 m, there were no fur- 
ther changes; E, F, and S remained at the same levels. More- 
over, another sample of RNP in 0.0045 m EDTA (not shown) 
showed no further changes even after 16 hours in the cold. 

An attempt was made to reverse the dissociation by the addi- 
tion of magnesium. Three samples, which had been treated 
with EDTA (0.0045 m) for 1 hour, were dialyzed overnight 
against 0.1 mM KCl at pH 7.2 (0.012 m diethylbarbituric acid) con- 
taining 0, 0.0005, or 0.0050 m MgCl.. The samples containing 0 
In the sample containing 
0.0050 m MgCl., however, nonspecific reaggregation occurred. 
Ultracentrifugal analysis showed boundaries with sedimentation 
rates similar to A’, A, and B which, although they accounted for 


50 per cent of the pattern, were not sharp and well defined. 


2. Comparison of Magnesium with Other Dibasic Metals—Sam- 
ples of RNP were dialyzed for two days at pH 8.1 against 0.1 m 
NaCl which was 0.0005 m in MgCl., CaCl, SrCle, or BaCle. The 
results of the ultracentrifugal analyses are given in Table I. 
Under these conditions, none of the other dibasic ions were as ef- 
fective as magnesium in the preservation of B. 

3. Effects of pH, Magnesium, and Time—RNP precipitates at 
pH 5. In the pH range from 5 to 7, it exhibits limited solubility 
with a strong tendency to aggregation. The solutions are turbid, 
polydisperse material of high sedimentation rate is present, and 
the A’ and A boundaries are large. As the pH is increased above 
7, the solubility increases and it is possible to obtain concen- 
trated solutions, up to 15 mg. per ml., which are chiefly B. Fig. 4 
illustrates these effects of pH at 6.7 and 7.5, as well as the 
changes that occurred at pH 8.4, 9.3 and 10.3. Above pH 8.4, 
there was a sharp increase in the proportion of slowly sediment- 
ing material; at pH 9.3, 52 per cent of the RNP sedimented more 
slowly than B and there were four discrete boundaries between 
Band (Fig. 2,J77). At pH 10.3, A and B had disappeared and 
only a large boundary, (about 59 S), too polydisperse to be the 
usual dissociation products, and S remained. The concentration 
of S had increased greatly. 

The effects of magnesium concentration on the stability of 
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Fic. 4. The effect of pH on the concentrations of ultracentrifu- 
gal components of RNP. (X = polydisperse material, see text). 
Samples were dialyzed for 4 days against 0.1 m KCI containing 
0.001 m MgCl, at pH 6.7 (0.0065 m cacodylic acid), pH 7.5 (0.0035 
M diethylbarbituric acid), pH 8.4 (0.0048 m diethylbarbituric acid), 
pH 9.3 (0.0062 m boric acid), and pH 10.3 (0.0079 m boric acid). 
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TIME OF DIALYSIS IN DAYS 


Fic. 5. The effect of magnesium concentration on the concen- 
trations of the ultracentrifugal components of RNP as a function 
of time in 0.1 m KCl at pH 6.5 (0.0065 m cacodylic acid), pH 7.3 
(0.0035 m diethylbarbituric acid), and pH 8.0 (0.0048 m diethyl- 
barbituric acid). 
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RNP solutions in 0.1 m KCI at pH 6.5, 7.3 and 8.0 are shown in 
Fig. 5. In general there was a reciprocal relationship between 
B and E. Changes in A’ and A paralleled changes in B. The 
sensitivity to magnesium increased with increasing pH. With 
no added magnesium (left-hand column), C, D, and 8S were pres- 
ent at low concentrations at pH 6.5 and 7.3. At pH 8.0, on the 
other hand, no C or D was found, but F appeared. F and S 
increased with time until they reached levels of approximately 
25 and 40 per cent of E. At all three pHs, when some magne- 
sium was present in the dialysate (middle and right-hand col- 
umns), neither E nor F appeared as distinct boundaries. Slow 
material, which could not be resolved into separate boundaries, 
has been reported as C to E. At either pH 6.5 or 7.3, 0.0005 m 
and 0.001 m MgCl, had similar protective effects. At pH 8.0, 
however, 0.0005 m was insufficient; 0.001 m was better; and 0.002 
M, not shown, was comparable to 0.0005 m at pH 6.5 or 7.3. 

4. Dependence of Magnesium Effect on Nature and Concentra- 
tion of Other Ions Present—The effects of dialyzing RNP against 
0.1 m NaHCO;, KHCO; or KCI, at pH 8, containing various 
amounts of MgCl, are shown in Fig. 6. With no added mag- 


O.1m NoHCO3 O.lm KHCO3 KCI 
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TIME OF DIALYSIS IN DAYS 
Fia. 6. The effect of the nature of the buffer ions on the stabili- 
zation of RNP by magnesium at pH 8. The percentage of all 
components slower than B, 7.e. C, D, E, F, and §, is plotted as 
ordinate and represents the extent of dissociation. The concen- 
tration of MgCl. in moles per liter is given for each curve. The 
KCI solution was 0.0048 m in diethylbarbituric acid. 


If 
Effect of ionic strength on dissociation of RNP 
The samples were analyzed after dialysis for 1 day at pH 8.3. 
All solutions contained 0.001 mM potassium phosphate. 


| Ultracentrifugal components 
NaHCO: MgCle Mg:Na 
A’+A | B C to F*- S 
mg. per ml. 

0.02 0 0 0.68 1.12 | 0.76 | 0.23 
0.02 0.0005 0.025 0.70 1.82 | 0.42 | 0.26 
0.02 0.0010 0.050 0.62 1.54 0.18 | 0.24 
0.02 0.0020 0.100 0.71 1.58 | 0.15) 0.31 
0.02 0.0050 0.250 0.838 | O.87 | 0.08 | 0.11 
0.10 0 0 0 0.38 3.90 1.63 
0.10 0.0005 0.005 0.26 1.56 1.59 | 0.49 
0.10 0.0020 0.020 0.32 2.69 | 0.98 | 0.438 
0.10 0.0050 0.050 0.65 2.28 | 0.47 0.35 
0.10 0.0100 0.100 1.08 1.88 | 0.19 | 0.39 
0.002 0.0001 0.050 0.99 1.17 | 0.50 0.338 
0.020 0.0010 0.050 0.60 1.47 | 0.22 | 0.15 
0.100 0.0050 0.050 0.41 1.55 | 0.25 | 0.32 
0.200 0.0100 0.050 0.32 1.39 | 0.52 | 0.47 


* See footnote Table I. 


nesium the dissociation was equally rapid in KHCO3 and Na. 
HCOs;, although somewhat slower in KCl. When magnesium 
was added, however, marked differences became apparent. In 
NaHCOs, 0.001 m MgCl, had only a slight retarding effect on the 
rate of conversion, and even 0.005 m did not prevent dissociation 
into slower components, although it reduced the rate of conver. 
sion. In KHCOQs, equivalent protection was achieved with one- 
half the magnesium concentration required with NaHCOs, and 
with 0.005 m MgCl. the RNP was quite stable. In KCl the 
RNP was stable in the presence of only 0.001 m MgCl. The 
shapes of the curves are of interest. In KCl, when magnesium 
was present in the dialysate, the curves leveled off, suggesting 
that an equilibrium was being approached. This did not seem 
to be the case in bicarbonate; magnesium released from the RNP 
was bound by the great excess of bicarbonate present and equilib- 
rium was not approached. 

Comparison of the protective effect of magnesium in the pres- 
ence of low and high concentrations of NaHCOs; suggested that 
the ratio of magnesium to sodium might be a critical factor in the 
preservation of component B. In 0.02 m NaHCO; (Table II), 
the optimal concentration of magnesium seemed to be 0.001 x 
giving a ratio of Mg to Na of 0.05. In 0.10 Mm NaHCOs, 0.005 
mM MgCl. seemed satisfactory. When the concentrations of Na- 
HCO; and MgCl. were varied 100-fold at a constant ratio of 
0.05, the results were fairly consistent. Except for a decrease 
in A’ plus A and an increase in B, the extent of dissociation to 
slower components was not markedly increased by increasing the 
ionic strength. Only at 0.2 ionic strength was there some in- 
crease in C to F and 8 suggesting that 0.05 was not quite the 
best ratio. 


DISCUSSION 


Ultracentrifugal analysis of RNP reveals as many as eight | 
discrete components, whose concentrations are dependent upon | 
the ionic environment. The sedimentation coefficients of these | 
components are highly concentration-dependent. The values re- | 
ported earlier (6) which were 60 per cent lower than those re- | 


ported in this paper, were not corrected for this effect or for 


the effects of sucrose and small proteins, whose contribution to | 


the solution viscosity could not be accurately assessed. 


The principal component, B (83 8), forms association prod- _ 
ucts, A (about 110 S) and A’ (about 1408). <A decrease in pH | 
or an increase in magnesium concentration is followed by in | 
creases in the amounts of A and A’, aggregation into polydis | 
perse material of high sedimentation rate, and finally precipita- | 


tion. 

Upon the removal of magnesium, B dissociates into E (46 §) 
and F (about 30 8S); under some conditions there is twice as 
much E as F, whereas at other times F may be much less than 
one-half of E or completely lacking. C (63 8) and D (about 
50 S) may be intermediates in the dissociation. These subunits 


are still nucleoproteins; electrophoretic analyses of preparations | 
in the E and F form show very little free RNA.® A slow bound- | 
ary, S (about 5 8), which is almost always present especially , 


above pH 8, probably represents much smaller nucleoprotein 
units, and, in the more highly degraded preparations, free RNA 
and protein. 


Quantitative ultracentrifugal analyses of crude RNP extracts | 
from the livers of rats in various physiological and pathological | 


states (6-8) suggested that B and C were two distinct types of 


5 Petermann, M. L., and Hamilton, M. G., unpublished results. 
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RNP. More recent studies on subfractions of liver microsomes 
(9), and on purified RNPs from regenerating liver and Jensen 
sarcoma® have shown that the same RNP can exist in either the 
B or the C form depending on the ionic environment. The quan- 
titative analyses were made at pH 8.6 in 0.05 m NaCl, 0.05 m 
sodium diethylbarbiturate, without added magnesium, condi- 
tions which favored dissociation to the C form. Under these 
conditions the variations in the amounts of B and C found in 
regenerating liver (6), liver tumors (7), and various physiological 
conditions (8), as well as in large and small microsomes from 
normal liver (9), may be attributed to the presence of RNPs of 
varving degrees of stability. 

Although the dissociation of B is influenced by pH and ionic 
strength, the most important factor is the magnesium ion con- 
centration and the extent to which it is affected by the other ions 
present. Anions which have a high affinity for magnesium, such 
as bicarbonate (10), compete successfully with RNP for mag- 
nesium ions. Cations such as Na* or Kt compete with Mg++ 
for sites on the RNP and if present in excess can displace Mg*+ 
but evidently cannot fulfill its structural role. If the proper 
ratio of Mg** to alkali metal ion is maintained, the cation com- 
petition can be overcome over a wide range of ionic strength. 
The differences between the two competitions are further eluci- 
dated by the time studies. In KCl, where only cation competi- 
tion was present, an equilibrium was approached. In KHCO; 
and NaHCOs;, where both effects were present, all samples ap- 
proached 100 per cent dissociation in time. Similar effects were 
found by Chao (5) on yeast RNP using phosphate, citrate, or 
EDTA, and by Sachs (11) on liver microsomal RNP using pyro- 
phosphate. Clearly, any chelating agent or substance with a 
high affinity for magnesium acts in the same way. Destructive 


effects of EDTA on ribonucleoproteins have been noted in work 


on sea urchin eggs (12) and on rat liver (13). 

A comparison of the stability of RNP at pH 6.5, 7.3, and 8.0 
over a period of 7 days revealed that at pH 8.0 the changes were 
much aecelerated and that a higher magnesium concentration 
was required for equivalent protection against dissociation. The 
increased sensitivity to magnesium and increased solubility at 
the higher pH suggest that electrostatic repulsion may be acting 
to increase the ease of dissociation. ‘Ts’o, Bonner, and Vinograd 
(14) have suggested that the magnesium ions are chelated to 
phosphate groups of RNA rather than to carboxyl groups on 
the protein. The monoesterified phosphate groups at the ends 
of RNA chains, which are titrated in the pH range in question, 
could contribute to an increased negative charge. In addition, 
the effective concentration of magnesium ions may be reduced 
by the formation of undissociated Mg (OH)* (15). Titration 
and magnesium-binding studies are now in progress. 

It was generally observed that RNP was more stable in the 
presence of potassium than sodium salts. When the common 


M.G. Hamilton and M. L. Petermann 
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dibasic ions were compared, Mg was much better than Ca, Sr, 
or Ba. Chao (5) found that in 0.001 m phosphate, recombina- 
tion of yeast 60 S and 40 S components into 80 S occurred only 
in the presence of Mg or Ca, and not with Be, Sr, or Ba. More- 
over, in 0.01 m phosphate, only Mg was effective. Since the 
liver RNP had been washed extensively in dilute magnesium 
solutions, direct analyses for magnesium were not undertaken; 
other evidence, however, tends to support magnesium over cal- 
cium as the structural element of RNP in the liver cell. Thiers 
and Vallee (16) found 7 times as much magnesium as calcium in 
rat liver microsomes. T’s’o, Bonner, and Vinograd (14) found 
9 times as much magnesium as calcium in pea seedling RNP 
which had been prepared in water. 

The properties of the RNP from rat liver microsomes which 
have been reported here are common to RNPs from a number 
of sources. The transitions, both association and dissociation, 
are remarkably similar to those described for RNPs from yeast 
(4, 5), pea seedlings (14, 17) and Escherichia coli (18). RNPs 
from Azotobacter vinelandii (19) and rabbit reticulocytes (20) 
are also sensitive to magnesium. To understand the mode of 
action of these RNPs, which are generally assumed to be tem- 
plates for protein synthesis (21), it will be necessary to know 
much more about the structure of RNP in its various forms. 


SUMMARY 


An improved method for the purification of the ribonucleo- 
protein of rat liver microsomes is reported in which phosphate 
buffer (0.001 mM, pH 6.8) containing MgCl. (0.0005 m) is substi- 
tuted for the liver dialysate previously used. A final precipita- 
tion with barium acetate results in ribonucleoprotein relatively 
free of ferritin. It contains 40 per cent ribonucleic acid and 15.5 
per cent N on a dry weight basis and migrates as an asymmetric 
peak of mobility —9.0 x 10-5 cm.? per volt per sec. at pH 8.3 in 
0.1 mM KHCOs, 0.001 M MgCl.. The sedimentation behavior of the 
principal component, B, can be described by the regression equa- 
tion s2,, = 83 — 14.5c, where ¢ is the concentration in gm. per 
100 ml. 

Ultracentrifugal studies on the purified ribonucleoprotein re- 
veal that its structure in solution is dependent upon the ionic 
environment and particularly on the magnesium ion concentra- 
tion. Low salt concentration, low pH (6 to 7), or high mag- 
nesium concentration leads to aggregation of the principal com- 
ponent, B. Increase of salt concentration or of pH (above 8), 
or decrease of magnesium concentration leads to dissociation into 
nucleoprotein subunits, chiefly E (46 8) and F (about 30 8). 
This dissociation is a function of time. 


Acknowledgments—The authors wish to thank Mrs. Barbara 
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—spectrophotometer at 5° + 1°. 


and cooled to 5° in the spectrophotometer. 


Physical and Chemical Studies of a Limited Reaction 
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Although iodine is generally regarded as having two main ef- 
fects on proteins, oxidation of sulfhydryl groups and substitu- 
tion on the conjugated aromatic rings of tyrosine and histidine, 
conditions have been known for many years that apparently 
permitted only the oxidative reactions to occur (1-3). Investi- 
gations carried out under these conditions have generally been 
interpreted as suggesting oxidation to the level of disulfide, 
though sulfeny] iodide and higher states of oxidation of sulfur 
have been reported (4, 5). The structural implications of this 
postulated creation of new disulfide bonds in proteins led us to 
investigate the effects of treatment with small quantities of 
iodine upon the physical behavior of ovalbumin, 8-lactoglobulin, 
and serum albumin. It would appear now that sulfenyl iodide 
formation is more common than previously supposed, that inter- 


molecular disulfide formation does not occur with these proteins, 


and that intramolecular disulfide formation is not a major factor, 
though it cannot be completely excluded. Stoichiometry of the 


reaction as it relates to iodine-iodide-protein-substituted iodine 
is complicated by the appreciable spontaneous hydrolysis of 
sulfenyl iodide group. 


EXPERIMENTAL 
Spectrophotometric Rate Studies—The extinction of the triiodide 


_ ion at 355 mp was employed in all experiments as a measure of 


iodine concentration. Standard curves were prepared by dilu- 
tion of iodine solutions which had been standardized against 
National Bureau of Standards arsenious oxide by the usual 
procedure. All measurements were made in a Beckman DU 
In solutions containing 0.2 m 
KI, the iodine concentration is related to the extinction at 355 
my by the equation, m.eq. I ml.-! = 7.77 X 10-® x O.D. 

The proper amount of sulfhydryl compound dissolved in 2.5 


mi. of water for the rate experiments was obtained by dividing 


0.00015 mmole by the number of equivalents of iodine expected 
to be consumed by the reaction. Sodium phosphate buffer, 
0.5 ml. of 1 m, pH 6.5, was added to 2.5 ml. of the solution of 


_ sulfhydryl compound. Then 1.5 ml. of freshly prepared 0.6 


a KI was added to give a total volume of 4.5 ml. A 3-ml. ali- 
quot of the mixture was immediately placed in a quartz cuvette 
Two blanks con- 
taining water rather than sulfhydryl compound were always 
prepared simultaneously. After an initial reading to determine 


_ the very small control absorption at 355 my, 0.2 ml. of standard 


*This investigation was supported by a research grant (No. 


_ C-3640) from the National Institutes of Health, United States 


- Public Health Service, and in part by a grant (No. G-2662) from 
_ the National Science Foundation. 


iodine solution in 0.2 m KI was added to the sample, and also 
to one of the blanks to serve as a check on the concentration and 
stability of the standard iodine. The iodine concentration usu- 
ally employed was near 0.001 nN which corresponds to 0.0002 
m.eq. of [in 0.2 ml. The sample was quickly mixed and timing 


begun. Measurements of the extinction were then made as a 
function of time. Direct sunlight was excluded from all solu- 
tions. 


Spectrophotometric Titrations—Titrations of sulfhydryl com- 
pounds were performed under conditions essentially identical 
to those described previously for rate studies. The scale, and 
therefore the concentrations of the reagents, varied considerably 
in different experiments. The standard solution of iodine in 
iodide was, however, added in small quantities to the buffered 
solution of sulfhydryl compound in 0.2 Nn KI. The temperature 
was held between 0 and 5°. After each addition, a 3-ml. aliquot 
was removed and placed in the spectrophotometer. The extinc- 
tion at 355 my was then followed until it became constant or 
until its decrease became small and linear. This equilibrium 
value was plotted as a function of the quantity of iodine added. 

Optical Rotation Measurements—These determinations were 
made in a 2-dm. cell thermostatted at 30°, in a Schmidt and 
Haensch instrument. Illumination was provided by a sodium 
vapor lamp. 

Ultracentrifuge Measurements—Studies of the sedimentation 
characteristics of the proteins under investigation were made in 
the Beckman Spinco model E instrument. All runs were made 
at 59,780 r.p.m. Plate measurements were made with a Gaert- 
ner comparator. 

Materials—Ovalbumin was prepared by the method of Warner 
(6). After three recrystallizations, the protein was dialyzed and 
lyophilized. The concentrations of ovalbumin solution were 
determined by the use of the relation, mg. of protein ml.-? = 
1.36 O.D. at 280 my. 6-Lactoglobulin was a commercial 
product of the Nutritional Biochemicals Company. Ultra- 
centrifugal study of this material indicated it to be normal £- 
lactoglobulin (7) containing both A and B components in 
approximately the usual proportions. Concentrations of -lacto- 
globulin solutions were determined with the use of the relation 
mg. of protein ml.-! = 1.11 xk O.D. at 280 my. Crystalline 
bovine serum albumin was obtained from the Armour Labora- 
tories, and from Pentex, Inc. Mercaptalbumin and bovine y- 
globulin, fraction II, were obtained from Pentex, Inc. Trypsin, 
chymotrypsinogen, a-chymotrypsin, ovomucoid, yeast alcohol 
dehydrogenase, and lysozyme were products of the Worthington 
Biochemical Corporation. Human y-globulin (fraction II) was 
generously supplied by the Cutter Laboratories. Crystalline 
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insulin was a product of Eli Lilly and Company. Ribonuclease 
was obtained from the Sigma Chemical Company. All other 
compounds employed were commercial products of reagent grade 
or the equivalent. 


RESULTS 


Rate and Extent of Reaction of Iodine with Representative Amino 
Acids and Peptides—In order to establish the specificity of the 
iodine reaction under the exact conditions described previously, 
a series of amino acids was studied. Cysteine, as expected, 
reacted with 1 equivalent of iodine to form cystine. The rate 
curve is shown in Fig. 1. It was found, however, that if cysteine 
were allowed to stand in the presence of iodide at room tempera- 
ture for more than 2 to 5 minutes before cooling and adding 


= 

. 

2 q 
5 io tS 50 100 150 

MINUTES 


Fig. 1. The reaction of iodine with amino acids and related 
compounds at pH 6.5 and at 5°. (Q——QD) acetyl, tryptophan 
4.74 X 10-4 m.eq. per 3 ml.; (A A) tryptophan, 0.229 x 10-4 
m.eq. per 3 ml.; (@——@) 2-mercaptoethanol, 1.78 K 10-4 m.eq. 
per3 ml.; (O——O) cysteine, 1.00 10-4 m.eq. per3 ml. For other 
details, see text. 


TABLE I 


Extent of reaction of iodine with amino acids and related compounds 
at 5° and at pH 6.5 


Iodine I reacted 
Initial | Final 
concen- | concen- | Utilized Ratio 
tration tration 
1.00 2.03 1.06 0.97 0.97 
Mercaptoethanol. . . 1.78 2.19 | 0.55 | 1.64 0.92 
1.46 2.05 2.05 | 0.00 0 
4.74 2.05 | 2.02 | 0.03 0.01 
0.20 2.05 | 1.40 | 0.65 3.25T 
Tryptophan... . 0.23 2.05 | 0.75 | 1.30 5.657 
145.0 2.10 2.08 | 0.02 0 
Leucylglycine...... 88.6 2.10 | 2.10 | 0.00 0 
Glycopeptidet..... 1.85 2.10 | 2.09 | 0.01 0.01 
Histidine.......... 92.2 2.06 | 2.03 | 0.03 0 
Phenylalanine. . 86.7 2.06 1.93 | 0.13 0 
4.42 2.09 2.06 | 0.03 0.01 
0.72 2.08 | 0.90 1.18 1.647 


* The abbreviations used are: ATrEE, acetyl-L-tryptophan 
ethyl ester; ATr, acetyl-L-tryptophan; TrEK, L-tryptophan ethyl 
ester; CMB, p-chloromercuribenzoate. 

+t Approximate values; equivalence point not well defined. 

t Glycopeptide derived from ovalbumin (8); assumed mol. 
wt. = 1800. 


Reaction of Iodine with Proteins 


Vol. 234, No.6 


iodine, considerably less iodine was taken up. The results ob 
tained with other compounds are listed in Table I. The sulf. 
hydryl compounds tested reacted quite rapidly and the final 
iodine concentration was constant. The other compounds which 
reacted, however, did not give such sharp end points. An ey. 
ample is included in Fig. 1 for the case of tryptophan. The ful] 
extent of reaction of these compounds as listed in Table I is there. 
fore only approximate. In general, specificity of the reaction 
for sulfhydryl groups in the case of proteins was substantiated. 
The interesting behavior of tryptophan and its derivatives was 
the only exception found. Presumably tryptophan in a protein 
would not interfere unless it occupied an N-terminal position, 

Rate and Extent of Reaction of Iodine with Various Proteins— 
In the next series of measurements, proteins of varying sulf- 
hydryl content were examined. In general the disappearance 
of iodine never completely stopped so that the equivalence point 
was taken as the point at which iodine disappearance reached a 
constant rate. An examination of representative rate curves 
in Fig. 2 will indicate the relatively small error introduced by 
this procedure in most cases. The results of these measurements 
are listed in Table II. If the reaction is run at pH 7.5 or at 20° 
similar data are obtained, with the exception that the terminal 
slope is considerably greater in all cases. No protein known to 
be devoid of sulfhydryl groups reacted with iodine to any ap- 
preciable extent with the possible exceptions of chymotrypsin 
and y-globulin. Ovalbumin and #-lactoglobulin react rapidly 
in a manner which yields a rather well defined end point. Reae- 
tion with bovine serum albumin or mercaptalbumin occurs in 
two distinct steps as illustrated in Fig. 2. Bovine and human 
y-globulin react more slowly and since the uptake is small on a 
molar basis, the stoichiometry indicated must be considered to 
be approximate. 

Titration of Sulfhydryl Compounds with Iodine—Since the pos- 
sibility existed that the extent of reaction between iodine and 
sulfhydryl groups, particularly in proteins, might be different if 
iodine were not present in excess throughout the reaction, spec- 
trophotometric titrations of several proteins, cysteine, and mer- 
captoethanol were performed. As indicated earlier, the residual 
extinction at 355 my following the stepwise addition of iodine 
was measured. It was, of course, expected that no permanent 
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Fig. 2. The reaction of iodine with proteins at pH 6.5 and at ) 
(@——-@) common initial iodine concentration; (@——® | 
chymotrypsinogen, 1.49 X 10-4 mmoles per 3 ml.; (O———-O) human } 
y-globulin, 0.30 X 10-4 mmole per 3 ml.; (A——-A) bovine serum | 
albumin, 0.53 X 10-4 mmole per 3 ml.; (Q——O) ovalbumin © 
0.165 X 10-‘ mmole per 3 ml.; (@——®) 86-lactoglobulin, 0.783 X 


5°. 


10-4 mmole per 3 ml. 
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optical density would be apparent until the equivalence point 
was reached, where an excess of I3~ ion would be detected. It 
was found, however, that a residual extinction existed after only 
small additions of iodine to the proteins and that this color in- 
creased with further additions in a characteristic manner for 
each protein, until the sharp break associated with the equiv- 
alence point was obtained. The behavior of ovalbumin and 
3-lactoglobulin is illustrated in Fig. 3. At the equivalence point 
ovalbumin has consumed 6.0 equivalents of iodine per mole and 
$-lactoglobulin, 3.8. With mercaptalbumin, the extinction at 
355 mu continued to decrease slowly for long periods after addi- 
tion of iodine. While this precluded the plotting of a well de- 
fined titration curve, a satisfactory equivalence point at about 
21 equivalents of iodine per mole could be detected. These 
values are in good agreement with those obtained in the rate 
studies. Cysteine and mercaptoethanol titrated under the same 
conditions required 1 equivalent of iodine per mole as expected 
for conversion to the respective disulfides and no residual extinec- 
tion at 355 my was apparent until the equivalence point was 
reached. 

Preparation of the Iodine-Treated Proteins—Preparations of 
jodine-treated proteins were made by performing titrations on a 
large scale. At the equivalence point the protein solutions were 
noticeably yellow. The solutions were then dialyzed exhaus- 
tively against distilled water in the cold and lyophilized. The 
yellow color faded rapidly during dialysis and the final solutions 
Iodine analysis! of the lyophilized 
proteins gave the following results: (a) Ovalbumin, 0.41 to 0.49 
per cent; (6) B-lactoglobulin, none; (c) mercaptalbumin, none. 

Comparison of Native and Iodine-Treated Ovalbumin—Crystal- 
lization of iodine-treated ovalbumin could be accomplished by 


_ the procedure employed for ovalbumin itself though with some 
difficulty. 


The lyophilized material was used for all other 
studies. The specific rotation found for native ovalbumin in 
phosphate buffer at pH 7.5 and 30° was —30.5° (9) while for 
the iodine-treated ovalbumin it was —31.1°. The rate of de- 
naturation of both proteins with urea was followed by measuring 
the change in optical rotation with time. The results are given 
in Fig. 4. At the end of each experiment the solutions were 
adjusted to pH 5 and diluted with 3 volumes of water. More 
than 92 per cent of the protein was insoluble in both cases. The 


— susceptibility of this denatured protein to the action of trypsin 
- was tested as described in an earlier publication (10). 


The de- 
natured proteins were digested at identical rates and all 35 sus- 
ceptible bonds were found to be hydrolyzed, within the limits of 
accuracy of the determination. 

Ultracentrifugal studies were made at several concentrations 
of ovalbumin and iodine-treated ovalbumin. In all cases the 


general shape of the sedimenting boundary and the measured 


sedimentation constants indicated no change in the physical 
characteristics of ovalbumin after iodine treatment. No evi- 
dence for high molecular weight polymers, which might be formed 


_ through intermolecular disulfide formation, could be obtained. 


Ultracentrifugal Studies of Native and Iodine-Treated Lacto- 
globulin and Serum Albumin—Ultracentrifugal analysis of native 
and iodine-treated 6-lactoglobulin under conditions where 
lactoglobulin behaves essentially as a single component indicated 
a complete identity of the native and treated proteins as to both 


sedimentation constant and degree of heterogeneity. The same 


' Todine analyses were performed by the Clark Microanalytical 
Laboratory, Urbana, Illinois. 
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Extent of Reaction of Iodine with Proteins at 5° and at pH 6.5 


Protein 


Molecular 
weight® | 
‘concen- |concen- Utilized | Ratio 


Iodine | I reacted 


Initial | Final | 


tration | tration | 


Ovalbumin 
8-Lactoglobulin 


y-Globulin (bo- 
vine) 
y-Globulin  (hu- 
man) 

Serum albumin 
(bovine) 
Mercaptalbumin 


a-Chymotrypsin 

Chymotrypsino- 
gen 

Insulin 

Lysozyme 

Ovomucoid 

Ribonuclease 

Trypsin 

Aleohol dehydro- 
genase (yeast) 


total m.eq. 
| 


0.382 


0.367 


0.254 


— 


meq.) m.eq. 


m.eq. XK 104 
2.92 | 0.58 | 2.34 6.12 
2.04 0.61 1.43 3.89 
2.08 1.92| 0.16 0.63¢ 
2.08 1.85 | 0.23 | O.83t 
2.04 1.54 0.50 0.95t 

0.89} 1.15 2.18t 
2.04 | 1.22) 0.82 1.10t 

0.28 1.76 2.34+¢ 
2.08 1.87 0.21) 
2.04 2.00 0.02 0.03 
2.04 | 1.86 0.18, 0.04 
2.09 2.08 0.01, 0.01 
2.04 | 2.03 0.01. 0.01 
2.08 | 2.08 | 0.00! 0 
2.08 | 2.01 | 0.04 
2.08 | 0.74 1.34. 17.00 


* The listed molecular weights were used in all calculations. 
t Approximate value; equivalence point not well defined. 
t Initial rapid reaction; see Fig. 2. 
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Mea. I added/ Meda. Protein 
Fig. 3. The titration of proteins with iodine at pH 6.5 and at 


(O——O) 8-lactoglobulin, 3.11 10-* mmoles ml.~'; 
A) ovalbumin, 2.26 X 10~* mmoles per ml. 


For other de- 


was found with serum albumin, confirming the observation of 
Hughes and Straessle (5) made under somewhat different condi- 


tions. 


Studies of Iodine-Treated Proteins Before Dialysis—The reac- 
tion of rather large amounts of iodine with ovalbumin and lacto- 
globulin together with the relatively small amounts of iodine 
determined to be combined with these proteins after dialysis 
and lyophilization would suggest that the major role of iodine is 


oxidative. 


However, the yellow color present in the protein 


solution just at the equivalence point is reminiscent of the stable 
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200 300 40071400 
MINUTES 
Fig. 4. The effect of urea upon the optical rotation of native 
ovalbumin (@——@®@) and iodine-treated ovalbumin (O——O). 
Urea concentration, 7.2 m; 30°; 0.035 m sodium phosphate buffer, 
pH 7.5. 
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TaB_eE III 
Sedimentation constants of native and iodine-treated proteins 


Concen- | 


Protein | Buffer 520,w 
.| 0.50  Tris,* pH 7.81 3.55 
0.91 Tris,* pH 7.81 3.43 
1.27 | Tris,* pH 7.81 3.22 
0.50 | Tris,* pH 7.81 3.59 
1.02 | Tris,* pH 7.81 3.40 
1.51 Tris,* pH 7.81 3.35 
6B-Lactoglobulin........... 1.5 Tris,* pH 7.81 2.74 
I-8-lactoglobulin.......... 1.5 Tris,* pH 7.81 2.81 
Bovine serum albumin....| 0.85 | Phosphate, KI | 3.87+ 
pH 6.5 
I-bovine serum albumin...| 0.85 Phosphate, KI | 3.90f 
pH 6.5 
* Tris, tris(hydroxymethyl)aminomethane. 
+ These values are not corrected to standard conditions. The 


actual buffer composition was 0.11 m NaH2PO, and 0.2 m KI ad- 
justed to pH 6.5 with NaOH. 


MINUTES 

Fia. 5. The stability of the residual color of 8-lactoglobulin 

treated with iodine at pH 6.5 and at 5°. 5.21 K 10-3 mmoles of 

protein to which 3.8 equivalents of I per mole~ had been added. 


Total volume 18 ml. (@—@) no additional treatment; (O—O) 
after addition of 5.21 X 10-' mmoles of 2-mercaptoethanol. 


Reaction of Iodine with Proteins 


Vol. 234, No. 6 


sulfenyl iodide of tobacco mosaic virus described by Fraenkel. 
Conrat (4). At 5° the yellow color of iodine-treated ovalbumin 
and lactoglobulin fades slowly. If the temperature is raised 
to 20°, a greatly increased rate of discharge of color occurs, 


Treatment of the solution at 5° with a 100-fold molar excess of f 


cysteine, 2-mercaptoethylamine, or 2-mercaptoethanol results 
in a rapid and complete loss of color. This is illustrated in Fig, 
5, and is to be expected if the color is indeed due to the presence 
of sulfenyl iodide groups in the protein, since such groups would 
react rapidly to yield mixed disulfides. 


cedures, and the subsequent low analyses for iodine. 


DISCUSSION 


Studies of amino acids suggest that the reaction between iodine 
and proteins at low temperature and near neutral pH can be 


ascribed largely to the sulfhydryl content of the proteins, with | 


the minor but interesting possible exception of N-terminal trypto- 
phan. A correlation between the number of equivalents of 
iodine consumed and the number of sulfhydryl groups obtained 
by the application of other methods of measurement should then 
yield information as to the nature of the iodine-sulfhydry] reac- 
tion. The simplest case which we have investigated would ap- 
pear to be that of 8-lactoglobulin which consumes approximately 
4 equivalents of iodine per mole (37,000). 
residual yellow color proceeds uniformly throughout the titra- 
tion to the equivalence point, and is relatively stable. 6-Lacto- 
globulin has been reported to contain 2 sulfhydryl groups per 


mole on the basis of its binding of 4-(p-diethylaminobenzeneazo) | 


phenyl mercuric acetate (11). We have confirmed this figure 
through the use of p-chloromercuric benzoate by the method of 
Boyer (12). 


is about 18,000 (13). 
havior of the yellow color of the iodine-treated protein upon 


treatment with sulfhydryl compounds, suggests that the single — 
sulfhydryl of the B-lactoglobulin monomer reacts with two equiv- © 


alents of iodine to yield iodide and the sulfeny] iodide. 
The case of ovalbumin is considerably more complex. 


The 


shape of the iodine-O.D. 355 my titration curve indicates the for- _ 
mation of two sulfenyl iodide groups (4 equivalents of iodine). — 


However, 2 further equivalents of iodine are consumed in an 


unknown fashion, and in contrast with lactoglobulin, 1.4 to 1.7 | 
equivalents of iodine per mole of protein are found to be bound ~ 
All recent evidence | 


to ovalbumin even after prolonged dialysis. 
indicates the presence of 4 sulfhydryl groups in ovalbumin (10- 
12, 14). One of these appears to be masked to p-chloromercur- 


benzoate unless the protein is denatured. Of the remaining — 
three, two have been reported to be somewhat more reactive © 
One might pre 
sume then that these two reactive sulfhydryl groups account for © 
Oxidation of the j 


toward organic mercurials than the third (11). 
the formation of 2 moles of sulfeny] iodide. 
two remaining sulfhydryl groups to an internal disulfide could 


account for the over-all stoichiometry. 


change in sedimentation constant after iodine treatment. 


treated protein can be crystallized and exhibits an optical rota / 
tion very nearly identical to that of native ovalbumin. The 


This would explain the | 
loss in color on prolonged dialysis during the preparative pro- } 


Formation of the | 


In addition, evidence has recently been presented _ 
which indicates that the true monomer weight of B-lactoglobulin | 
This information, together with the be — 


Intermolecular disulfide | 
formation is ruled out by the demonstration that there is no_ 
If an 
intramolecular disulfide bridge is formed it has remarkably little — 
effect on the native structure of the molecule since the iodine | 


rate of urea denaturation is somewhat greater in the case of the _ 


iodine-treated ovalbumin but the final rotation is close to that 
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found for untreated ovalbumin after urea denaturation. No ef- 
fect on the susceptibility to trypsin of the lysine and arginine 
residues of iodine-treated ovalbumin could be detected. Pre- 
liminary chemical analyses of acid hydrolysates of the oxidized 


ovalbumin have not provided evidence for increased cystine 


content. The location of the protein-bound iodine in the oval- 


- bumin preparation is obviously the key to a complete under- 
standing of the stoichiometry of the reaction. 


Unfortunately it 
has not yet been possible to decide whether this represents rel- 


atively stable sulfenyl iodide which exhibits markedly different 


spectral characteristics, or substitution upon some other com- 
ponent of the molecule. In addition to the hydrolysis studies 


noted previously, other chemical and spectral investigations are 


currently being directed toward a resolution of this problem. 


SUMMARY 


1. A spectrophotometric method for the estimation of sulf- 
hydryl groups based on the extinction of triiodide ion at 355 


my is described. 
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2. The application of this method to proteins containing 
sulfhydryl groups suggests the formation of protein sulfeny] 
iodide to be a common reaction under experimental conditions 
of neutral pH and low temperature. 

3. B-Lactoglobulin reacts with 4 equivalents of iodine to form 
2 moles of sulfenyl iodide per mole of protein (37,000). Oval- 
bumin reacts with 6 equivalents of iodine to form 2 moles of 
sulfenyl iodide per mole of protein (45,000). The nature of the 
reaction of the remaining 2 equivalents of iodine is unknown. 

4. Intermolecular disulfide formation as an effect of iodine 
oxidation of these proteins under these conditions was ruled 
out by ultracentrifugal analysis. After dialysis and lyophiliza- 
tion the iodine-treated proteins exhibit properties quite similar 
to those of untreated samples. 


Acknowledgment—The technical assistance of Miss Diane 
Karraker in the mercaptide formation studies of lactoglobulin 
is gratefully acknowledged. 
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of the Ornithine-Citrulline Enzyme of 


Streptococcus lactis 


JOANNE M. Ravet, Mary Lou Grona, JEAN 8S. HUMPHREYS, AND WILLIAM SHIVE 


From the Clayton Foundation Biochemical Institute and the Department of Chemistry, 
The University of Texas, Austin, Texas 


(Received for publication, December 19, 1958) 


Previous investigations have shown that biotin deficiency in 
Streptococcus lactis 8039 is associated with the loss in ability to 
convert ornithine and carbamyl! phosphate to citrulline (1). Al- 
though protein synthesis in the presence of biotin was found to 
be necessary to restore completely the ornithine-citrulline enzyme 
activity of the biotin-deficient cells (2), a preliminary report on 
the biotin content of a highly purified enzyme preparation from 
S. lactis indicated that biotin is probably not a component of the 
enzyme (3). 

In the present investigation, methods for obtaining highly puri- 
fied preparations of the ornithine-citrulline enzyme and the biotin 
content of the enzyme fractions are reported. In addition, some 
of the properties of the purified enzyme have been determined. 


EXPERIMENTAL 


Materials and Methods 


Materials—The authors are indebted to Dr. C. G. Skinner for 
the dilithium carbamy! phosphate prepared by the method of 
Jones et al. (4). The DEAE-cellulose, type 20, was obtained 
from Brown and Company. 

Enzyme Assay—To determine the enzymatic activity of the 
fractions obtained during the purification procedure, the appro- 
priate rate-limiting dilution of enzyme was incubated with carba- 
myl phosphate, 20 wmoles; pL-ornithine monohydrochloride, 20 
pumoles; and Tris! buffer, 25 umoles, pH 8.3, in a total volume of 
1 ml. for 15 minutes at 36°. Citrulline was determined colori- 
metrically (5) on appropriate aliquots. Proteins were deter- 
mined by the method of Lowry et al. (6). Enzyme activity is 
defined as ymoles of citrulline produced per mg. of protein per 
hour. In studies of the physical properties of the purified prepa- 
rations, the conditions are specified for each experiment. In all 
experiments the reaction was stopped by the addition of 1 ml. of 
the sulfuric-phosphoric acid mixture used in the color test for 
citrulline. 

Biotin Assay—The enzyme fractions were hydrolyzed by auto- 
claving at 15 pounds pressure for 1 hour in 3.6 N sulfuric acid. 
The samples were neutralized with 8 N sodium hydroxide, and the 
amount of biotin present in each fraction was determined by 
growth assays with Saccharomyces cerevisiae F. B. 9896 and a pre- 
viously described medium (7). 


1The abbreviation used is: Tris, tris(hydroxymethy])amino- 
methane. 


EXPERIMENTAL 


Enzyme Purification Procedure—Twenty liters of a previously | 
described growth medium (8) which had been modified by reduc. | 


ing the arginine concentration to 0.75 per cent were inoculated 
with 20 ml. of a 16-hour culture of S. lactis 8039. After 24 hours 
of incubation at 30°, the cells were harvested by means of a 
Sharples centrifuge, washed, and resuspended in 150 ml. of 0.044 
Tris buffer, pH 8.1. 


30 minutes. The disrupted cell suspension was centrifuged at 
31,000 X g for 1 hour at 4°, and the cell debris was discarded. 

The cell-free extract (160 ml. containing 30 mg. per ml. of 
protein) was cooled to 4° and an equal volume of cold, saturated 
ammonium sulfate, pH 7, was added with stirring. After 30 
minutes, the precipitate was removed by centrifugation and sus- 
pended in 0.05 m phosphate buffer, pH 7.5. The precipitate 
contained better than 75 per cent of the total protein but only 
30 per cent (and in separate experiments as little as 15 per cent) 
of the enzymatic activity. This precipitate was retained only 
for biotin analysis. 

The supernatant solution, cooled to 4°, was brought to 75 per 


cent of saturation by the addition of 320 ml. of cold, saturated | 
ammonium sulfate solution, pH 7. After 30 minutes the precipi- _ 


tate was collected by centrifugation and suspended in 0.05 m 
phosphate buffer, pH 7.5. 

After dialysis against 0.05 m phosphate buffer, pH 7.5, for 5 
hours at 4°, the enzyme solution (21 ml. containing 24 mg. per 
ml. of protein and 64 per cent of the enzymatic activity) was 
brought to 65° by immersion in a water bath at that tempera- 
ture. The preparation was held at 65° for 5 minutes, cooled, and 
the denatured protein removed by centrifugation. 

The heat-treated enzyme solution (16 ml. containing 13.5 mg. 
per ml. of protein) was cooled to 4° and an equal volume of cold, 


saturated ammonium sulfate solution, pH 8.5, was added with — 
After 30 minutes, the precipitate formed was removed | 
To the 50 per cent saturated | 


stirring. 
by centrifugation and discarded. 
supernatant solution, 32 ml. of cold, saturated ammonium sulfate 
solution, pH 8.5, were added to bring the solution to 75 per cent 
of saturation. The precipitate was collected by centrifugation, 


suspended in 0.015 Mm glycine buffer, pH 8.5, and dialyzed against — 
The enzymatic activity of this } 
fraction ranged between 30 and 45 per cent of the original cell- 


this buffer for 4 hours at 4°. 


free extract. 
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The cell suspension was exposed, in 50 ml. | - 
portions, to sonic oscillation in a Raytheon 10 ke. oscillator for | 
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DEAE-cellulose, type 20, (9) was washed with several portions 
of 0.015 m glycine buffer, pH 8.5 (10); and a 7-ml. column was 
prepared at 4°. An aliquot (5 ml. containing 80 mg. of protein) 
of the dialyzed sample described above was passed through the 
column, followed by 20 ml. of the glycine buffer. The column 
was then washed with 20 ml. of a mixture of 0.015 m glycine and 
0.02 m phosphate, pH 8.5, followed by 20 ml. of a mixture of 
0.015 M glycine and 0.04 m phosphate, pH 8.0 (10). Neither of 
these fractions contained an appreciable amount of the enzyme. 
The adsorbed enzyme was removed from the column by a mixture 
of 0.015 mM glycine and 0.06 m phosphate, pH 7.5. Approximately 


40 per cent of the enzyme activity added to the column was re- 
covered in this fraction. 


Further washings with higher concen- 
trations of phosphate at lower pHs did not remove any more 


activity. 
The purification, recovery and biotin content of the various 


TaBLeE 


Activity and biotin content of purified preparations of 
ornithine-citrulline enzyme 


Purification procedure | aoe | Recovery Biotin content 
| | % pg./mg. protein 
Cell-free extract. ........... 1,240 100 3.4 X 
Ammonium sulfate fractions, | 
pH 7.0 | 
(-50°% saturation. . 450 30 2.0 X 10°3 
50-75°% saturation. . 7,400 64 8.5 
Heat treatment............. 13,300 51 9.3 
Ammonium sulfate fraction, 
pH 8.5 
50-75°% saturation. . . 21,000 33 8.3 & 107° 
Elution from DEAE- ollie. 
lose column............. 73,000 13 1.9 


MMOLES OF CITRULLINE 


pH 
Fic. 1. Effect of pH. The reaction system containing Tris buf- 


fer, 25 umoles; L-ornithine, 10 wmoles; and carbamyl phosphate, 


—(0 umoles, was adjusted to ‘the desired pH’s just before the addi- 


-| tion of the enzyme (0. 2 wg. of protein, specific activity, 73,000). 
_ The reaction system in a total volume of 1 ml. was incubated at 
_ 36° for 10 minutes. 


J. M. Ravel, M. L. Grona, J. S. Humphreys, and W. 


Shive 1453 


7 


HMOLES OF CITRULLINE 


MINUTES 


Fic. 2. Effect of time and temperature. The enzyme (0.2 ug. of 
protein, specific activity, 73,000) was added to the reaction system 
which had been adjusted to a pH of 8.5 and which contained Tris 
buffer, 25 umoles; L-ornithine, 10 umoles ; and carbamyl phosphate, 
20 umoles. The reaction system in a total volume of 1 ml. was in- 
cubated for the times and at the temperatures indicated above. 


-Ol 02 -O3 
(s] 
CARBAMYL PHOSPHATE, MOLES PER LITER 


Fig. 3. Effect of carbamyl phosphate concentration. The re- 
action system containing Tris buffer, 25 umoles; pH 8.5; L-orni- 
thine, 20 umoles, pH 8.5; carbamy] phosphate as indicated; and 
enzyme (0.2 ug. of protein, specific activity 73,000) in a total vol- 
ume of 1 ml. was incubated for 10 minutes at 36°. 
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| ! | 
.03 
{sJ 
L- ORNITHINE, MOLES PER LITER 


Fic. 4. Effect of ornithine concentration. The reaction system 
containing Tris buffer, 25 umoles, pH 8.5; L-ornithine as indicated; 
carbamyl! phosphate, 20 umoles; and enzyme (0.2 ug. of protein, 
specific activity 73,000) in a total volume of 1 ml. was incubated 
for 10 minutes at 36°. 


fractions are shown in Table I. Both the crude and purified 
fractions were found to be stable for a period of several months if 
stored at —20° at concentrations greater than 0.1 mg. of protein 
per ml]. and if the ammonium sulfate was removed by dialysis 
before storing. 

The pH-activity curve in Tris buffer is shown in Fig. 1. Under 
these conditions the pH optimum ranges between 8.4 and 8.9. 
If lower concentrations (10 uwmoles per ml.) of Tris buffer are 
used, the optimum pH range is from 8.2 to 8.4. Higher concen- 
trations (50 to 100 umoles per ml.) of Tris buffer are slightly 
inhibitory to the system. 

The effects of time and temperature are shown in Fig. 2. From 
these data the Arrhenius activation energy was calculated to be 
20.5 X 10° calories per mole. Increasing the temperature to 40° 
enhances the production of citrulline slightly above that observed 
at 35° up to 20 minutes incubation. After 20 minutes the rate of 
production decreases as a result of the enhanced destruction of 
carbamyl] phosphate at this temperature. 

The effect of carbamy!] phosphate concentration on the reac- 
tion rate is shown in Fig. 3. A Lineweaver-Burk (11) plot of the 
data gave a K,, value of 3.7 xX 10°%. The effect of ornithine 
concentration on reaction rate is shown in Fig. 4. The K,, value 
was calculated to be 2 X 10-%. Thus, the ability of the enzyme 
to bind ornithine appears to exceed slightly the ability to bind 
earbamyl phosphate. The ornithine-citrulline enzyme purified 
from beef liver (12, 13) gave dissociation constants of the same 
magnitude but showed a greater ability to bind carbamy]! phos- 
phate than ornithine. 


Properties and Biotin Content of Streptococcus lactis Enzyme 
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Fic. 5. Competitive inhibition of carbamyl] phosphate by phos- 
phate. The reaction mixture containing Tris buffer, 25 umoles, 


pH 8.5; pu-ornithine, 20 wmoles; phosphate (a mixture of potas- 
sium salts, pH 8.5) and carbamy] phosphate, as indicated; and en- 


zyme (2 wg. of protein, specific activity, 12,000) in a total volume © 


of 1 ml. was incubated for 10 minutes at 30°. 


Phosphate ion was found to inhibit the conversion of ornithine © 
As shown in Fig. 5, phos- — 


and carbamy!] phosphate to citrulline. 
phate competitively inhibits the utilization of carbamyl phos- 


phate. Phosphate inhibition is not reversed by ornithine. At — 


30° carbamyl phosphate is approximately 50 per cent decomposed ! 
in 4 hours. The phosphate liberated by this decomposition and — 
the concomitant lowering of the pH accounts for the inhibition | 
observed when high concentrations of carbamyl phosphate and 
long incubation times are employed (14). 


DISCUSSION 


As seen in Table I, the major part of the biotin present in the 
crude extract is removed in the first ammonium sulfate precipi- 
tate which contains only a small part of the enzymatic activity. 
Preparations of the enzyme purified 60-fold contained +4, as much 
biotin as the original cell extract and only 1 part of biotin in 
5,000,000 parts of the purified enzyme. Although this highly | 
purified fraction was not found to be a homogeneous protein by 
paper electrophoresis experiments, it contained only two major 
protein bands. Since 1 part of biotin in perhaps 1,000 parts of 
pure enzyme would have been anticipated if biotin were a com- 
ponent of the enzyme, it is unlikely that biotin is a component o 
the enzyme. : 

Further experiments showed that the addition of as much ae 


50 units? of avidin per mg. of the highly purified enzyme prepara- | 


2 A unit of avidin is defined as the amount which will bind 1 sg. | 
of biotin. | 
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tion failed to produce any decrease in enzymatic activity. These 
data do not eliminate, however, the possibility that biotin is 
bound into the enzyme in such a manner that it does not interact 
with avidin and does not yield, upon acid hydrolysis, a form of 
biotin which can be utilized by S. cerevisiae (and in separate ex- 
periments, by Lactobacillus arabinosus). 

Barring the above mentioned possibility, the evidence indi- 
cates that biotin has an indirect role in carbamylation reactions. 
This role could involve a function in the synthesis of certain de- 
rivatives necessary for enzyme formation; the incorporation of 
certain components into the enzyme; or if the synthesis of the 
enzyme were an adaptive process and dependent upon the syn- 


thesis of carbamy] phosphate, the role of biotin could be in the 


synthesis of carbamyl phosphate. However, no decrease in the 
synthesis of carbamyl phosphate from ammonium carbamate- 
carbonate and adenosine triphosphate by cell-free extracts of 


 biotin-deficient cells of S. lactis could be demonstrated. Thus, 


the evidence suggests that biotin exerts its action during the 


J. AM. Ravel, M. L. Grona, J. S. Humphreys, and W. Shive 
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synthesis of the ornithine-citrulline enzyme in the formation of 
specific groupings necessary for the transfer of a carbamy] group. 


SUMMARY 


The ornithine-citrulline enzyme of Streptococcus lactis 8039 has 
been purified and the biotin content of the enzyme fractions has 
been determined. Preparations of enzyme purified 60-fold con- 
tained .4; as much biotin as the original cell-free extract and only 
1 part of biotin in 5,000,000 parts of purified enzyme. The evi- 
dence suggests that biotin exerts its action during the synthesis 
of the enzyme and is not a component of the enzyme. 

In studies of the properties of the enzyme the pH optimum was 
found to be 8.4 to 8.9; the Arrhenius activation energy, 20.5 x 
10° calories per mole; the K,, value for carbamy] phosphate, 3.7 x 
10-*; and the K,, value for ornithine, 2 x 10-*. In addition, 
phosphate was found to inhibit competitively the utilization of 
carbamy! phosphate. 
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Differences in Mammalian Amylases Demonstrated by 
Enzyme Inhibition with Specific Antisera* 
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A number of mammalian enzymes have been used successfully 
as antigens and the antisera obtained used to compare and differ- 
entiate similar enzymes from different species or organs (1-3). 
The present investigation was undertaken to determine whether 
antibodies against purified hog pancreatic amylase could be pro- 
duced. Whereas antibody response to malt B-amylase (4) and 
oxidized bacterial amylase (5) has been noted, no successful use 
of mammalian amylases as antigens has been reported. Bernfeld 
et al. (6) reported an unsuccessful attempt with the use of crystal- 
line human salivary amylase. 

We have used the amylase antiserum obtained to study the 
relationships of hog pancreatic amylase to the amylases of other 
hog organs and to the amylases of several other species. 


EXPERIMENTAL 


Production of Antibody—The antigen used was crystalline hog 
pancreatic amylase (7) obtained from the Worthington Biochemi- 
cal Corporation. Adult rabbits (2.5 to 3.5 kg.) were first bled 
over a period of weeks to obtain normal homologous serum. The 
serum from each animal was kept separately and preserved by 
freezing at —18°. The amylase having been prepared in an 
emulsion with Freund’s adjuvants (8), light mineral oil, Arlacel 
A, and heat-killed mycobacteria (Jamaica 22), three rabbits (1, 
2, and 3) were given intradermal injections in the back and foot 
pads of 50, 25, and 12.5 mg. of amylase, respectively. After 2 
weeks these rabbits were bled, withdrawing 20 ml. of blood, and 
then given another injection intradermally with 10, 10, and 5 mg. 
of amylase in aqueous solution. Bleeding and injection of a third 
dose identical to the second were repeated 2 weeks later. Two 
other rabbits (4 and 5) were given initial injections of 50 mg. of 
amylase in aqueous solution followed 2 weeks later by bleeding 
and injection of 25 mg. of amylase; this procedure was repeated 
twice at 2-week intervals. A sixth rabbit was given 25 mg. of 
amylase in Freund’s adjuvants omitting the bacteria. 

Analytical Methods—Amylase analyses of the hog pancreatic 
amylase, the normal and immune rabbit sera, as well as the other 
sera and tissues were carried out as previously described (9) with 
Van Loon’s amyloclastic method (10). 

Tests for Enzyme Inhibition—Equal volumes of the amylase- 
containing fluids and diluted rabbit antiserum (1:20 or 1:100 


* This work was supported by research grants (C-2601C2 and 
A-2610) from the National Cancer Institute and the National 
Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health. A preliminary report on this work was presented at 
the annual meeting of the American Society of Biological Chem- 
ists at Atlantic City in April 1959. 

+ Student Research Scholar, 1957 to 1958. 
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dilutions with 0.9 per cent NaCl) were mixed and allowed to 
stand 30 to 40 minutes at room temperature (see Table II). The 
amylase-containing solutions were dilutions of the original anti- 


gen, sera, or tissue extracts with 0.9 per cent NaCl, such dilutions | 


so adjusted to all contain about the same amount of amylase ac- 
tivity (0.1 to 0.2 amylase unit per ml.). For the original antigen 
the amount was 0.20 to 0.25 ug. One-ml. aliquots of the mix- 
tures were then used for amylase activgty determinations. From 
the amylase activity of the amylase-containing fluid and the en- 
dogenous amylase activity of the rabbit antiserum which had 
been determined separately, it was possible to calculate the in- 
hibition of the amylase in question by the antiserum. Controls 
with the use of homologous normal rabbit serum were always run 
in all experiments reported. In several trials, ‘‘albumin-free” 
antisera were prepared by ammonium sulfate fractionation as de- 
scribed by Henion and Sutherland (1) except that the final dialy- 
sis was against 0.9 per cent NaC] rather than distilled water. 
Attempts to demonstrate a precipitin reaction of hog pan- 


creatic amylase with rabbit antiserum in liquid medium were 


unsuccessful. The presence of amylase antibodies in the im- 
mune rabbit sera was demonstrated by use of the Oudin (11) 
method of layering various dilutions of the original antigen, hog 
pancreatic amylase, on agar-antiserum gels. The media in the 
tubes were prepared by mixing one volume of 0.6 per cent agar 
with either one or two volumes of antiserum or normal serum. 


When the media had solidified, 1:20 or 1:100 dilutions of the 


amylase as received (50 mg. per ml.) in 0.9 per cent NaCl were 
layered on top. The tubes were placed in a cold room at 2°. 
After 24 hours, precipitation was seen in all tubes with antise- 
rum and in none of those with normal serum. No precipitation 
was seen in the tubes lavered with only 0.9 per cent NaCl. After 


1 week, in the tube with a 1:1 agar-antiserum mixture layered | 
with a 1:20 amylase dilution, the band of precipitation had mr | 


grated 13 mm., with 1:100 dilution the distance was 9 mm., with 

1:2 agar-antiserum, the distances were 12 and 8 mm. for 1:20 

and 1:100 dilutions. In all cases, only one band was seen. 
Hog liver extracts in Visking cellulose bags were dialyzed 


against distilled water for 30 hours at which time there was no- t 


evidence of chloride ion remaining. The amylase activity of the 
dialyzed extracts was determined, NaCl added to bring the con- 
centration up to 0.9 per cent, and the amylase activity redeter- 
mined. 


RESULTS 


The production of antibodies to purified hog pancreatic am- 
vlase was successful (Table I) by both methods used although 
the antibody titers rose more rapidly when adjuvants were used 
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than with injections of only the aqueous solutions. Because of 
the possibility that antibodies may become less specific with in- 
creasing numbers of injections (12), the antisera used were those 
collected after only a few injections, at the point where inhibition 
with a 1:20 dilution was maximal. In both cases antisera which 
at 1:20 dilution would inhibit the original antigen at least 90 per 
cent were obtained. Controls with the homologous normal rab- 
bit serum showed no inhibition of hog pancreatic amylase or any 
of the amylases of any organs of other species tested. Indeed, 
with the hog pancreatic amylase there was an enhancement of 
activity when measured in the presence of normal rabbit serum. 
This enhancement was undoubtedly due to the protective effect 
of the rabbit serum proteins and could be duplicated by measure- 
ments in the presence of comparable amounts of added bovine 
serum albumin (13). Consequently, activities of the hog pan- 
creatic amylase calculated from its measurement in the presence 
of normal rabbit serum were used in calculations of its inhibition 
when measured in the mixture with rabbit antiserum. The same 
situation prevailed in the cases of dog pancreatic, rat pancreatic, 
hog salivary, and human salivary amylases. In all other cases, 
the amylase of the serum or tissue being tested and the amylase 
of normal rabbit serum were strictly additive. That is, the ac- 
tivities of the mixtures were, within the limits of experimental 
error, exactly the sum of the activities of the components. An 
attempt was made to inactivate the endogenous rabbit amylase 
(3) by heating the antiserum at 56° for 30 minutes. Unfortu- 
nately, the amylase remained essentially constant while the anti- 
amylase activity was reduced to 40 per cent of the original. 

When the antisera were subjected to ammonium sulfate frac- 
tionation, all the amylase-inhibiting capacity could be recovered 
in the precipitated globulins. About 70 per cent of the original 
rabbit serum amylase was recovered in these preparations. 

There was no evidence of autoimmunization in that the rabbit 
antiserum did not inhibit the amylase of normal rabbit serum nor 
was there any depression of endogenous amylase activity in the 
immunized rabbits. On the contrary, the amylase content of 
immune sera was usually greater than that of the corresponding 
normal sera. 

The rate of combination of antigen with antibody was appar- 
ently not as rapid as indicated in some other cases (1, 3). After 
we had experienced some unexplained variations in preliminary 
trials, investigation (Table I1) showed that at least 30 minutes 
at room temperature were necessary for complete reaction before 
adding the antigen-antibody mixture to the starch substrate. 

As previously mentioned, the antibodies in the rabbit antisera 


inhibited hog pancreatic amylase, the original antigen (Table 


III), as well as hog salivary, serum, spleen amylases, and to a 
slightly lesser extent, hog kidney amylase. However, there was 
no significant inhibition of hog liver amylase activity. In addi- 
tional tests, ternary systems of pure hog pancreatic amylase, hog 
liver extract, and rabbit antiserum or hog serum, hog liver ex- 


tract, and rabbit antiserum were used. In these ternary systems 


the inhibition of the hog pancreatic amylase or hog serum amyl- 


ase by the rabbit antiserum was equally as great in the presence 


as in the absence of hog liver extract. Also, no effect of the rab- 
bit antiserum on the amylase from or in isolated hog liver cells! 
(14) was noted. 

Since many of the physiological experiments involving mam- 
malian amylases have been carried out in the rat and dog we 


' Prepared for us by Miss Betty Ann Potter in the course of her 
work on liver amylase. 
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I 


Antiamylase activity of rabbit serum after 
injection of hog pancreatic amylase 


These are representative cases (rabbits 3 and 4) of the six rab- 


bits used. 
Inhibition of hog 
pancreatic amylase 
Amyla 
Medium of injection injec ted time Dilution of antiserum 
1:20 1: 100 
mg. weeks % % 
Emulsified with Freund’s adju- | 12.5 0 0 0 
vants 5 2 79 41 
5 4 89 71 
6 91 100 
Aqueous solution 50 0 0 
25 2 15 
25 4 53 
25 6 39 
8 95 90 
TaB_e II 


Change in inhibition of hog pancreatic amylase 


with time of reaction with antiserum 


Inhibition 
Time Dilution of antiserum 
1:20 1: 100 
min. % % 
0 25 9 
20 87 58 
40 96 78 
60 96 81 
80 94 86 
100 94 85 
TABLE III 


Comparison of inhibiting effect of hog pancreatic amylase 
antibodies on amylases of various organs 


Hog Dog | Rat 

Amylase from Dilution of antiserum 

1:20 1: 100 1:20 1: 100 1:20 1: 100 

% % % % % % 
Pancreas 95 91 38 8 9 5 
Saliva 95 5 2 
Serum 93 75 35 13 4 3 
Liver 4 1 13 8 3 5 
Kidney 70 35 22 15 5 6 
Spleen 93 70 66 39 24 15 


* Dogs have no salivary amylase. 
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TaBLe IV ever, an indication in the comparison (17) of their actions on a 
Effect of rabbit antiserum on mammalian serum amylases linear fraction of corn starch that these enzymes may differ. Our 
eS data indicate that whereas hog pancreatic, salivary, serum, 
Serum from entail dranaeaee nme spleen, and kidney amylases are similar in their immunological 
responses, hog liver amylase is definitely not the same as these, 
Hog | bed One would expect similar immunological responses to a given 
Rabbit | 0 antibody from antigens whose structures were identical or simi- 
Dee 35 lar but similar responses alone do not prove that the antigens are 
Rat 4 alike. However, if the responses are not similar, the antigens 
Human 25 must be dissimilar. 
Monkey 30 It was first thought that the lack of inhibition of the hog liver 
Cat 11 amylase might be due to adsorption of the antibodies by other 
Guinea pig 5 liver proteins present. However, the fact that hog pancreatic 
Mouse 3 and hog serum amylases were inhibited just as strongly in the 


presence as in the absence of hog liver, caused us to reject this 
see possibility. To demonstrate that the amylase activity in the 
wished to compare the actions of the amylase antibodies on the __jiver extracts was indeed due to amylase and not phosphorylase, hs 


amylases from these animals. Differences in the inhibiting ef-  gmylomaltase, or transglucosylase we have shown that removal 0 
fect of the antiserum on the amylases of the organs of these other of diffusable ions by dialysis against distilled water resulted in . 
species were noted. Whereas the dog amylases (except liver) the Joss of at least 95 per cent of the amylase activity. The ac- : 


were markedly inhibited by the hog pancreatic amy lase anti- tivity could be completely restored by the addition of sodium th 

bodies, those of the rat were not, with the possible exception of chloride alone. None of the other enzymes mentioned which pos- 

the spleen enzyme. In fact, the inhibition of the spleen amylase sesses amylase-like activity has a chloride requirement. 

“7: all three - poke higher than for any other organ. The in- With the exception of the liver amylasé the various hog amyl- h 

hibition of dog liver amylase, although lower than that of the  gcec are more species-specific than organ-specific and the same . 

amylase of other dog organs, was greater than that of hog liver .aams to be true of the dog amylases which do respond immuno- 


amylase. logically to hog amylase antibodies. There is some indication, 
though not unequivocal, that there may be some organ specificity i 
with the spleen amylases. 


In trials with the serum amylases of a number of species (Table A 
IV) it was noted that monkey serum amylase activity was in- (3) 
hibited 30 per cent by the antiserum, a response similar to that 
of human serum amylase as other immunological studies (18) 
might have predicted. The lack of inhibition of rat, guinea pig, 
and mouse serum amylases by rabbit antisera was to be expected 


With the use of crystalline hog pancreatic amylase, we have 
demonstrated for the first time that a mammalian amylase may 
be antigenic. That antibodies were formed was demonstrated 
(a) by the ability of the antiserum to inhibit the enzymatic ac- 
tivity of the antigen whereas normal serum did not and (6) by 


the precipitin reaction in Oudin tubes. As was the case, for ee 
example, with dog heart and liver phosphorylases (1) and bovine on the basis of the phylogenetic relationships. ee 
carboxypeptidase (15) but not dog intestinal phosphatase (16), 
the antigen-antibody complexes with hog pancreatic amylase stared “8 
were inactive. This may indicate that the enzymatic site is part 1. Antibodies to hog pancreatic amylase have been formed in Ot 
of or located close to the antigenic site on the amylase and has _ rabbits as demonstrated by both enzyme inhibition and precipitin fro 
been covered by the large antibody molecules. reactions. si 
By chemical and physical tests (6), human pancreatic and 2. Use of these antibodies showed that hog liver amylase is ll 
salivary amylases were shown to be identical. A similar com-_ different from the amylases of hog serum and other tissues. ead 
parison is not possible for hog pancreatic and salivary amylases 3. Some cross specificity of amylases in certain other species ( 
since hog salivary amylase has not been isolated. There is, how- to these antibodies was seen. die 
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The proteolysis of bovine pancreatic ribonuclease by subtilisin 
has been shown to involve the formation of an enzymically active 
intermediate which is further degraded to inactive products (1, 
2). This paper describes the preparation of the modified active 
ribonuclease, RNase (S)! and its fractionation into two com- 
ponents, a peptide (S-peptide) and a protein (S-protein). Nei- 
ther S-peptide nor S-protein alone shows appreciable ribonuclease 
activity. When these components are mixed in equimolar pro- 
portions, almost the full enzymic activity is recovered. The only 
observed change in covalent structure during the conversion of 
RNase A to RNase S is the hydrolysis of the peptide bond be- 
tween residues 20 and 21 as numbered from the NH-terminal 


end of the single chain of RNase A. A comparison of the en- 


zymic properties of RNase A, RNase S and RNase 8’ (the re- 
constituted enzyme) under a number of conditions is presented. 
A brief report of some of these observations has been published 


(3). 


EXPERIMENTAL AND RESULTS 


Materials—Bovine pancreatic ribonuclease, Lot No. 381-059, 
was obtained from Armour and Company. The subtilisin used 
in this work was kindly donated by Dr. Martin Ottesen. The 
preparation of this sample of the crystalline proteolytic enzyme 
from Bacillus subtilis has been described by Giintelberg and 
Ottesen (4). Crystalline trypsin, Lot No. 62330, was obtained 
from the Worthington Biochemical Corporation. The yeast 
nucleic acid, the barium uridine-2’ ,3’-phosphate, and the barium 
evtidine-2’ ,3’-phosphate were products of the Schwarz Labora- 


tories. 


Chromatography—Ribonuclease A was prepared from the com- 
mercial crystalline material by chromatography on the Amber- 
lite resin IRC-50 (XE-64) as described by Hirs et al. (5). The 
thymol was omitted and the column was operated in a cold room 
A typical chromatogram is shown in Fig. 1, a. The nin- 


reagent of Moore and Stein (6); for plotting, the data were nor- 


malized at the peak fraction of the elution curve obtained by 


* Aided by grants from the United States Public Health Service 
and from the National Science Foundation. 

! The abbreviations used are: RNase A, the principal chromato- 
graphic component of native ribonuclease; RNase §, subtilisin- 
modified ribonuclease; S-peptide, the 20-residue peptide com- 


- ponent obtained from RNase S; S-protein, the protein component 
- obtained from RNase S; RNase S’, the reconstituted enzyme ob- 


tained by mixing equimolar amounts of S-peptide and S-protein; 


RNase A’, the apparently undigested native enzyme in the 


subtilisin digest; oxidized RNase A, performic acid-oxidized 
RNase A. 


means of absorbance measurements at 280 mu. The fast run- 
ning peak near the solvent front has no enzyme activity. The 
small peak emerging just ahead of the principal component is 
commonly designated RNase B and is enzymically active. The 
fractions containing RNase A were pooled as shown in the figure. 

Desalting Procedure—The pooled peak fractions of RNase A 
(about 1.5 1.) were adjusted to pH 5 with acetic acid and then 
passed over a 2.4 X 20-cm. column of IRC-50 previously equilib- 
rated with 0.2 m phosphate buffer pH 5.0. As much as 1 gm. of 
protein was quantitatively retained on this column. After wash- 
ing with 50 ml. of .001 Mm acetic acid, the resin was eluted with a 
solution of 0.4 M ammonium hydroxide adjusted to pH 9 with 
CO. A forerun of 200 ml., containing no protein, was discarded. 
The protein was quantitatively eluted in the next 600 ml., the 
pH of the eluent varying from 6.5 to 9. Both the water and the 
volatile ammonium bicarbonate were removed by lyophilization. 
When necessary, the last traces of nonvolatile salt were removed 
by passage through columns of the Amberlite resins IR-120 (hy- 
drogen cycle) and IRA-400 (hydroxide cycle), both resins 20 to 
50 mesh. The over-all recoveries of both RNase A and RNase S 
were essentially quantitative in this desalting procedure with re- 
spect to both absorbance at 280 my and enzymic activity. Ear- 
lier attempts to desalt by dialysis frequently were attended by 
large losses through the membranes in spite of selection of the 
dialysis tubing (7). 

Digestion with Subtilisin?—In a typical preparation 730 mg. of 
RNase A were dissolved in 5 ml. of 0.1 m KCl. This solution 
was placed in the cell of a pH-stat (8) employing a Radiometer 
TTT la titrator. The temperature was lowered to 3° and the 
pH adjusted to 8.0 with 0.1 N NaOH. 1 mg. of subtilisin (in 
0.5 per cent aqueous solution) was added. The addition of 0.1 
N NaOH was recorded as a function of time. After about 3 
hours the rate of reaction was very slow, and the total alkali addi- 
tion corresponded to 0.9 mole of OH- ion per mole of RNase A. 
The pK’ values of the amino groups produced are not precisely 
known; however, this amount of alkali probably corresponds to 


2A number of digestions have been carried out with another 
sample of ‘‘subtilisin’”’ (also kindly supplied by Dr. Martin Otte- 
sen and referred to as Novo enzyme) which had been prepared 
from a different strain of B. subtilis. Work at the Carlsberg 
Laboratory had already shown this preparation to be different in 
certain respects from the original crystalline material. Although 
this enzyme also produces a modified RNase which resembles 
RNase § in its chromatographic behavior and in its sensitivity to 
trypsin, we have not yet succeeded in finding conditions in which 
the vield has been greater than 25 per cent. For this reason no 
further work with this sample of the bacterial proteinase has been 
attempted at this time. 
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Fig. 1. Chromatography of protein samples on the Amberlite 
resin IRC-50 (XE-64). a, One gm. of Armour RNase; b, subtilisin 
digest of 0.73 gm. of RNase A. The 7 X 50-cm. column was op- 
erated at 2°, and 25 ml. fractions were collected at a flow rate of 
about 100 ml. per hour. The eluting buffer was 0.2 m sodium phos- 
phate, pH 6.35. The abscissa is the same for the two runs shown. 
The solid line represents absorbance at 280 my; +, ninhydrin 
color obtained with 0.3 ml. aliquots; O, enzymic activity with 
RNA as substrate and the use of 20-ul. aliquots for assay; @, en- 
zymic activity with RNA as substrate and the use of 50-ul. ali- 
quots after incubation of each aliquot with 10 ug. of trypsin for 
10 hours at pH 6.35 and room temperature. 


an average of 1 to 2 bonds cleaved per mole of protein (9). The 
total ninhydrin color value of the digest increased about 10 per 
cent during the same interval, again indicating roughly the same 
degree of proteolysis. There was no change in ribonuclease ac- 
tivity, as normally measured, during this digestion. 

When examined by the Sanger 1-fluoro-2 ,4-dinitrobenzene 
procedure (10), RNase A shows the presence of a single NH-- 
terminal lysine residue (11). When this procedure is used to 
follow the appearance of NH.-terminal residues in the subtilisin 
digest, at very early time intervals only serine is found in addition 
to lysine. As the digestion proceeds there appears aspartic or 
glutamic acid, or both, followed by alanine and threonine. The 
vields of dinitrophenyl amino acids were not determined quanti- 
tatively; however, it was established that, at the base uptake in- 
dicated above, bis(dinitrophenyl)lysine and dinitropheny] serine 
are recovered in approximately equal amounts, whereas the 
other dinitropheny! derivatives are present in much smaller 
amounts if at all. 

The digestion was stopped by adjusting the solution with Nn 
hydrochloric acid to pH 3, where subtilisin is not only inactive 
but is rapidly destroyed. The digest was then put on the same 
IRC-50 column used for the preparation of RNase A. The re- 
sulting elution diagram is shown in Fig. 1, b. The major peak, 


Subtilisin-modified Ribonuclease 


Vol. 234, No. 6 


designated RNase S, moves more slowly than RNase A. The 
fastest moving material has considerable ninhydrin color, no 
enzymic activity, and presumably represents further degradation 
products. The small peak appearing close to the position ex- 
pected for RNase A has the same specific activity as the native 
enzyme, is active in 8 M urea, is unaffected by treatment with 
trypsin, and thus is probably undigested material, designated 
RNase A’. It will be noted from Fig. 1, b that digestion with 
trypsin completely abolishes the activity of RNase S and serves 
as a convenient means of detecting contamination with RNase A, 

The fractions containing the modified enzyme (RNase 8) were 
pooled as shown in Fig. 1, 6, desalted by the technique described 
above, and lyophilized. The yields obtained in some typical 
preparations are given in Table I below. It has been possible to 
crystallize RNase S from ammonium sulfate solutions at pH 5.5. 
The crystals are grossly similar to those obtained with the native 
enzyme, but no detailed study of the morphology and optics has 
been made. A solution of the crystalline material showed full 
enzymic activity. 

Fractionation with Trichloroacetic Acid—A 1 per cent solution 
of salt-free RNase S in water was cooled in 0° in an ice bath, 
One-fifth volume of freshly prepared 20 per cent trichloroacetic 
acid, precooled to 0°, was added and the mixture allowed to warm 
to room temperature (20-25°). Precipitation began at about 
10-15°. After 1 hour at room temperature, the suspension was 
centrifuged, and the precipitate was redissolved in the original 
volume of water. (After first becoming a transparent gel, the 
precipitate slowly passed into solution without neutralization or 
the addition of any salt.) 
acetic acid was then carried out exactly as before. 


The combined supernatant fluids were continuously extracted | 


with ether until no free acid could be detected in the ether ex- 
tract. A small amount of 0.1 N hydrochloric acid was added to 
the aqueous solution, and the extraction was continued to remove 
the last traces of trichloroacetic acid. The aqueous solution was 
lyophilized and the resulting powder was designated S-peptide. 

The precipitate was redissolved in water and the solution was 
passed over the IR-120 - IRA-400 deionizing column to remove 
the residual trichloroacetic acid. The desalted solution was ly- 
ophilized and the resulting powder was designated S-protein. 
The yields obtained are indicated in Table I. 


TABLE I 
Yields from chromatographic and fractionation procedures* 
Recovered from | Recovered from Recovered from, 
Starting material a subtilisin digestion fractionation 
Armour RNase 
RNase A RNase A’ | RNase S | S-protein | S-peptide | 
meg. mg. | mg. mg. mg. mg. 
200 130 
1000 700 } 115 590 480 98 | 
1000 730 | 64 530 
| 500 410 86 | 
Average yields 72% 82% 17% 
| (of A)! (of (of (of8 
70% 83% (of A) 99% (of 5) 


* The numbers in each case refer to the weights of salt-free dr 
powders obtained, except for the column headed RNase A’ wher 
the recovery was estimated from the absorbance at 280 my meas 
ured on the fractions from the column chromatogram. 


A second precipitation with trichloro- | 
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TABLE II 
Amino acid analyses 
Residues per mole* 
Found in present studies ee 
Amino acid 
S- NH2- 
S-pe S-  |peptide | RNase RNase | RNase | termi- 
tide* | protein S- S A A nal 20 
protein residues 
2.0 8.1) 10.1 | 10.5) 10.2, 10 2 
Histidine........ 1.0 3.0; 4.1] 4.1] 3.9 4 1 
Arginine........, 1.0 3.0; 3.9, 4.0) 3.9 4 1 
Aspartic acid....| 1.0 | 14.1 | 15.2 | 15.0} 15.1 15 1 
Threonine......../ | 7.7t 9.7t) 9.3f 9.4f 10 2 
10.17 12.8f 11.9f| 12.2t 15 3 
Glutamic acid.... 3.0 8.8 | 11.8 | 11.5 |} 11.6) 12 3 
4.2; 4.2] 4.3 | 4.3 4 
Glycine.......... 3.1} 3.1) 3.1 3 
Alanine.......... 5.0 7.2 | 12.3 | 12.0 | 12.2} 12 5 
Half-cystine. . 8.0, 8.0) 8.0) 7.9 8 
9.2; 9.2; 9.3); 9.4 9 
Methionine. ..... 3.0) 4.0) 4.0) 4.0 4 1 
Isoleucine........ 2.33) 2.3%) 2.4f) 3 
Leucine.......... | 2.0} 2.0; 2.0); 2.0 2 
| 5.9) 6.0) 5.9 6 
Phenylalanine....| 1.0 2.0; 3.0! 3.0); 3.1 3 | 1 


* The amino acids for which no values are listed were present in 
amounts of less than .02 moles per mole of peptide. 

t Values obtained with 24-hour acid hydrolysates uncorrected 
for hydrolysis losses. 

t Liberation of isoleucine from peptide linkages is incomplete 
in 24-hour acid hydrolysates. 


Amino Acid Analysis—Quantitative amino acid analyses were 
performed by the technique of Moore et al. with use of the auto- 
matic recording equipment described by them (12, 13). The 
protein or peptide samples were hydrolyzed in constant boiling 
HCl at 110° in evacuated, sealed ampoules for 24 hours. Column 
chromatography of the hydrolysates gave the molar ratios of the 
various amino acids presentin thesamples. The results, with no 
correction for losses during the hydrolysis, are given in Table II 
and are expressed as moles of amino acid per mole of protein or 
peptide. For this computation both RNase A and RNase S 
were assumed to contain 124 residues per mole, S-protein was 
assumed to contain 104 residues per mole and S-peptide was as- 
sumed to contain 20 residues per mole. The validity of these as- 
sumptions is based on the following considerations. If a total 
subtilisin digest, such as that described above, is dialyzed in a 
cellophane bag known to retain RNase, analysis of the material 


passing through the bag fails to show any amino acid present in 


an amount approaching 1 mole per mole of protein in the bag. 
This would indicate that all the 124 amino acids present in RNase 
A (15) are also present in RNase 8S and that no free amino acids 
or small peptides have been lost. The weight of peptide recov- 
ered from RNase S (16-17 per cent, see Table I) would indicate 
that it must be composed of about 20 to 21 amino acid residues. 
The most definitive evidence comes from the integral stoichiome- 
try, which is especially striking for the amino acid composition 
of S-peptide. The agreement between the results for RNase A, 


- RNase 8S, and (S-protein + S-peptide) is unequivocal for all 


residues with the possible exception of serine, which is the amino 
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acid known to exhibit the highest losses upon acid hydrolysis of 
proteins (16). 

Measurements of Ribonuclease Activity—With ribonucleic acid 
as the substrate, the production of acid-soluble nucleotides was 
measured as described previously (17). With uridine-2’ ,3’-phos- 
phate as the substrate, the assay was carried out by titration in 
the pH-stat at 26° (18). The solvent was 0.3 m NaCl and the 
pH, 7.0. These conditions represent the ionic strength (18) and 
pH for maximal ribonuclease activity toward this substrate. 
For each assay, 1.5 ml. of solution containing 5 mg. of barium 
uridine-2’ ,3’-phosphate was used. The titration was carried out 
with .01 n NaOH when RNase was added in the range of 0 to 
10 ug. The reciprocal of the time required to reach a given sub- 
strate conversion was taken as a measure of the activity of the 
enzyme. 

The effect of substrate concentration was tested with samples 
of RNase A, RNase S and RNase 8’. The results, presented as 
an Eadie plot (19) in Fig. 2, should be used only for comparing 
the three enzyme preparations. Because of uncertainty as to 
the purity of the substrate and the complication of product in- 
hibition, the Michaelis constants and maximal velocities which 
can be estimated from the figure should only serve as rough indi- 
cations of the true values. If one assumes a 5 to 10 per cent error 
in the estimations of the reaction rates, it would appear that 
RNase 5 behaves in a fashion similar to the native enzyme, 
whereas the reconstituted enzyme, RNase S’, may have a sig- 
nificantly different A,, and Vmax. Also included on the graph 
are single determinations with cytidine-2’,3’-phosphate. The 
results indicate no marked change in the relative activity of the 
various preparations towards these two substrates. Measure- 
ments with the RNA substrate at different concentrations also 
showed RNase A and RNase S to have similar behavior, whereas 
the relative activity of RNase S’ appeared to decrease as the 
substrate concentration increased. 
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VELOCITY SUBSTRATE CONC. x 10° 


Fic. 2. Effect of substrate concentration on reaction velocity 
for various enzyme preparations. Solvent 0.3 m NaCl, pH 7.0, 
temperature 26°, enzyme concentration 2.2 wg. per ml. in each 
case. Velocities were estimated from the rate of alkali consump- 
tion at less than 4 per cent conversion of initial substrate. The 
pK’ of the product in this solvent is 5.65. The circles O, RNase 
A; 0, RNase S; A, RNase 8S’. The open symbols refer to uri- 
dine-2’,3’-phosphate as substrate, the solid symbols to cytidine- 
2’,3’-phosphate as substrate. The lines drawn correspond to K,, 


values of .020 m (lower line) and .026 m (upper line). 
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MOLE RATIO S-Pee/S-Pror 

Fig. 3. Enzymic activity as a function of peptide to protein 
ratio. The concentration of S-protein in the assay mixtures was 
constant (6 wg. per ml.) in all cases. O, S-protein + S-peptide, 
uridine-2’,3’-phosphate as substrate; @, S-protein + S-peptide, 
RNA as substrate; 0, S-protein + oxidized RNase A, uridine- 
2’ ,3'-phosphate as substrate; S-protein + oxidized RNase A, 
RNA as substrate. Curves calculated from Equation 2 (see text): 
—, K' = 0; ——, K’ = 0.01; —-—, K’ = 0.1; —--—, K’ = 


1.0. 


A series of solutions containing a fixed concentration of S-pro- 
tein and varying amounts of S-peptide was prepared. The en- 
zymic activity of these solutions was measured with the use of 
both RNA and uridine-2’ ,3’-phosphate as substrates. With the 
particular assay conditions used, the maximal activity observed 
for the reconstituted enzyme was 85 per cent of that found with 
an equivalent concentration of RNase S with RNA as substrate 
and 95 per cent with the cyclic phosphate substrate. The ac- 
tivities in each series, expressed as fractions of the maximum ob- 
served, are plotted together in Fig. 3. 

Assume the reversible reaction 


S-Prot + S-Pep — 8’ 
where S-Prot and S-Pep have no enzyme activity and 8’ is active. 
The dissociation constant is then defined as 


(S-Prot)(S-Pep) 
(S’) 


K = (1) 
Let (S-Prot)> = total concentration of S-Prot and (S-Pep)>) = 
total concentration of S-Pep. Define: r = (S-Pep)o/(S-Prot)) = 
molar ratio peptide /protein, a = (S’)/(S-Prot)>) = fractional ac- 
tivity (activity is directly proportional to concentration of 8’), 
and K’ = K/(S-Prot)o. Substitution of these definitions in 
Equation 1 leads to the following expression for the fractional 
activity: 


a=$[(r+1+ AK’ —- V(r+14 RK’)? — 4r] (2) 


The curves drawn in Fig. 3 were calculated from Equation 2 for 
various values of A’. The data indicate that K’ is equal to or 
less than 10-*. Since (S-Prot)» in the assay mixture used is about 
5 X 10-7 M, then A, the dissociation constant, equals 5 & 10-9 M 
or less. 

Because of the very tight binding of the peptide and protein, 
the assays with both substrates are indistinguishable within the 
accuracy of the measurements, and the dissociation constant it- 
self can be given only an upper limit. It has been observed that 
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some activity is obtained when performic acid-oxidized ribo- 
nuclease (oxidized RNase A) is added to S-protein. Solutions 
were prepared containing S-protein at the same concentration as 
those described above, and various amounts of oxidized RNase 
A (20) were added. The measured activities were expressed as 
fractions of that expected for the same amount of S-protein with 
excess S-peptide. The results are also shown in Fig. 3. In this 
case the “dissociation constant” appears to be much greater and 
there is a large difference in the relative activity with the low 
and high molecular weight substrates. 

Stability of Subtilisin-modified Ribonuclease—It has already 
been indicated that S-protein and S-peptide remain bound to- 
gether as an active enzyme during chromatography, during the 
column desalting procedures, and during extensive dialysis 
against water (3). Additional evidence for the strong interac- 
tion is provided by studies of the precipitation of RNase S from 
a 1 per cent solution by ammonium sulfate and by ethanol at 
pH 5to6. The results are given in Table III. In each case the 
precipitate was redissolved and this solution assayed with RNA 
as the substrate at the same time as the supernatant fluid. From 
the assay measurements the weight of active enzyme in the super- 
natant fluid and the precipitate was calculated. The data are 
expressed as per cent of the weight of enzyme initially present. 
It will be noted that the recovery is 90 per cent or more in every 
instance. Additional evidence for the lack of any significant 
fractionation is provided by the assays in the presence of added 
S-protein or S-peptide. Thus the precipitate did not contain 
any free S-protein which could be activated by S-peptide, nor did 
the supernatant fluid contain any free S-peptide which could be 
activated by the added S-protein. With the conditions under 
which the precipitation of RNase 8 is essentially complete with 
either ammonium sulfate or ethanol, free S-peptide is completely 


soluble. 
TaBLeE III 
Precipitation of subtilisin-modified ribonuclease at neutral pH* 
Per cent of initial enzyme present estimated from 
activity measurements 
\Precipitate Solution Total 
Ammonium sulfate 
(% saturation) 
0 100 100 
66.7 17 17 82 82 99 
67.7 39 60 99 
71.4 72 72 26 26 98 
77.4 86 6 92 
84.6 86 4 90 
Ethanol (Volume 
% aqueous) | | 
50 | 0 100 100 
60 | 6 6 95 95 101 
71 | 18 81 9 
78 | 89 | 89 5 5 4% | 


* Toa 1 per cent unbuffered solution of RNase S, pH 5 to 6, the — 
precipitating agent was added to give the concentration indi- 
cated. The precipitate was removed by centrifugation and re- | 
dissolved, and the solution was assayed along with the superna- 
tant fluid. 
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The stability of the various preparations to heat was investi- 
gated. The test liquids were made up from the components of 
the universal buffer mixture of Britton and Robinson (see (21)). 
The starting solution was 0.5 mM in NaCl and 0.003 in each of 
phosphate, citrate, Veronal, and borate. Portions of this solu- 
tion were adjusted with NaOH or HCI to give the required pH 
between 1 and 11. Aliquots of the protein or peptide solutions 
in these various mixtures were heated for 20 minutes at 100°. 
The solutions were then cooled, adjusted to pH 5, and assayed 
with RNA. The RNase A and RNase § solutions were assayed 
directly, S-protein solutions were assayed in the presence of ex- 
cess S-peptide, and the S-peptide solutions were assayed in the 
presence of excess S-protein. The results, expressed as per cent 
of the unheated controls, are shown in Fig. 4. The peptide is 
unaffected at any pH in this range; and RNase A, RNase S and 
S-protein give very similar, if not identical results. The charac- 
teristic heat stability of ribonuclease does not appear to be sig- 
nificantly affected either by the subtilisin-induced proteolysis or 
by the subsequent acid fractionation. 

Because of the ability of native ribonuclease to catalyze the 
hydrolysis of RNA even in concentrated urea solutions (22), the 
behavior of the modified enzyme was investigated in this regard. 
For this purpose the Kunitz spectrophotometric assay was used 
(see (17)). Both the RNA substrate and the enzyme were dis- 
solved in urea solutions of the desired concentration, and the de- 
crease in absorbance at 300 my was followed as a function of 
time. Because of the change in the shape of the curves obtained 
in this assay at different urea concentrations, the activity of 
RNase S is expressed as per cent of that shown by RNase A in the 
same solvent. The activities at the different urea concentrations 
are thus not directly comparable with each other on an absolute 
basis. The results are given in Fig. 5. The solid curves shown 
merely indicate the sharpness of the decrease in activity that 
might be expected for a protein undergoing reversible denatura- 
tion. They have been calculated from Schellman’s (23) equa- 
tions for the stability of a-helices of 40 and 50 residues, with 
his values for AHres and AS... employed. It is not intended that 
one should infer the existence of such helices in the enzyme struc- 
ture from the data in Fig. 5. It does appear reasonable, how- 
ever, to conclude that the substrate cannot “reverse’’ the de- 
naturing action of urea with RNase S, whereas it can with RNase 
A (23). The action of urea on RNase 8 is not irreversible, since 
mere dilution of a solution of RNase 5 in 8 M urea results in the 
recovery of full activity. 

If a solution of RNase S in 8 M urea is dialyzed against 8 m 
urea, the presence of S-peptide in the liquid outside the bag can 
be demonstrated. It would appear that the strong urea solution 
results in the dissociation of S-peptide and S-protein. Whether 
this is due to a direct interference with the bonding of S-peptide 
to S-protein or whether it is due to effects of urea elsewhere in 
the S-protein structure cannot be decided at this time. 


DISCUSSION 


The available evidence indicates that subtilisin-modified ribo- 


~ nuclease, RNase 8, contains all the amino acids originally present 


in the native enzyme. The only observed change in covalent 


structure is the hydrolysis of one peptide bond in the single chain 
of RNase A. The site of hydrolysis is the alanyl-seryl bond be- 


tween residues 20 and 21 as numbered from the NH.-terminal 
This conclusion is based on the par- 
tial sequence of the RNase A chain reported by Hirs et al. (14). 
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Fic. 4. Heat stability of enzyme preparations. Samples 
heated for 20 minutes at 100° at the pH indicated. All assays 


were carried out at pH 5.0 with RNA as substrate. The activity 
is expressed as per cent of the unheated controls. 
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Fic. 5. Activity of subtilisin-modified ribonuclease in urea. 
The substrate was RNA. The Kunitz spectrophotometric assay 
was used with the measured activity expressed as per cent of that 
shown by RNase A in the same solvent. Curves calculated from 
equations and constants in reference (22) for n = 40 and n = 50. 


There is an exact correspondence between the amino acid compo- 
sition of S-peptide and the predicted composition of a peptide 
comprising the 20 NH--terminal amino acids of RNase A. No 


_ other portion of the chain could provide a peptide of this com- 


position. Furthermore, the second NHrterminal residue in 
RNase S was found to be serine (2) as would be predicted from 
the known sequence. 

The great difficulty in separating S-peptide from S-protein 
originally led to the conclusion that the proteolytic cleavage had 
occurred in such a manner that the two parts of the original pro- 
tein were held together by one or more disulfide bonds (2). Al- 
though this is now known to be incorrect, the very strong asso- 
ciation of the two parts at neutral pH remains a fact. The 
nature of the forces responsible for this binding is unknown, but 
they probably represent examples of the noncovalent bonding 
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responsible for maintaining the secondary and tertiary structures 
of all proteins. It must be stressed, however, that the inter- 
action of S-protein and S-peptide involves considerable specific- 
ity, since peptides as similar to S-peptide as its own trypsin di- 
gestion products fail to regenerate activity (<0.1 per cent) with 
S-protein (3). The strength of the interaction in this enzyme 
system appears to be of the order of magnitude that might be 
required to explain the initial effects of peptide hormones in the 
target organs. 

It is probable that the four disulfide groups present in native 
ribonuclease are of the greatest importance in providing the un- 
usual stability for which this enzyme is noted. Since these 
groups are apparently not involved in the conversions of RNase 
A to RNase §S to S-protein, it may not be surprising that there 
are no large differences in the stability of these various prepara- 
tions to heating. 

Concentrated urea solutions are known to denature RNase A 
as measured by various physical criteria (24). Probably as a 
result of the restrictions imposed by the disulfide groups, these 
changes appear to be reversible upon removal of the urea. Even 
in urea the changes may be largely reversed and enzymic activity 
demonstrated in the presence of substrate (22, 24). The latter 
statement is not true for the subtilisin-modified enzyme. If 
S-peptide is dissociated from S-protein in strong urea, as appears 
to be the case, this same effect may also occur with RNase A 
except that the peptide is still covalently bound to the rest of 
the protein. With RNase 8, the substrate-binding is not suffi- 
ciently strong to overcome the additional entropy encountered 
in the actual dissociation of the enzyme into two separate parts. 

Probably the most striking difference so far found between 
RNase A and RNase § is their susceptibility to inactivation by 
trypsin. With conditions under which RNase § is destroyed in 
a matter of minutes, RNase A is stable for days. It would al- 
most appear as though some considerable change in secondary 
structure must have occurred in addition to the hydrolysis of 
peptide bond 20 of RNase A, such a change having a negligible 
effect on the enzymic properties of the protein. Preliminary 
spectroscopic and immunochemical evidence would also tend to 
indicate an additional structural change.* 

The available data indicate that the reconstituted enzyme, 
RNase S’, is similar to but not identical with RNase S. Since 
the K,, and Vmax values for these two preparations may be differ- 
ent, the exact amount of activity recovered on recombination 
will depend on the precise condition of assay. Some slight irre- 
versible alteration in the protein part may be caused by the 
precipitation with trichloroacetic acid. The activity data in 
Fig. 3 for the recombination of S-peptide and S-protein show a 
sharp break where the molar ratio is exactly 1.0. If the lowered 
maximal activity (85 per cent of S) were caused by the denatura- 
tion of a portion of the S-protein, then it would be necessary to 
assume that the ‘“denatured”’ portion bound S-peptide as firmly 
as did the “‘native” portion. If this were not the case then the 
break in the activity curve would not occur at a molar ratio of 
1.0. This condition appears unlikely, and, thus it is assumed 
that all of the S-protein produces an active enzyme but that 
RNase 8 and RNase 8’ are slightly different. 

The question can be asked whether the binding of the sub- 
strate affects the binding of the peptide to the protein. This 
cannot be answered at present for the system S-protein - S-pep- 


3 The immunochemical studies are being conducted in collabo- 
ration with Dr. 8. J. Singer. 
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tide. However, the data with oxidized RNase A do appear to 
bear on this point. Oxidized RNase A contains S-peptide as its 
NH.--terminal segment except that the single methionine residue 
in this region has been oxidized to the sulfone. When oxidized 
RNase A is mixed with S-protein, much more activity was re- 
gained with RNA as a substrate than with the cyclic phosphate, 
The simplest hypothesis to explain this result appears to be 


Active 
Protein + peptide 
enzyme products 
Substrate =< substrate — + 
compound enzyme 


If two substrates are used at concentrations below saturation of 
the enzyme, the one having the higher affinity for the active en- 
zyme will shift the first equilibrium farther to the right and thus 
produce relatively more enzyme than the substrate with lower 
affinity. 
may not indicate, of course, the relative binding constants, 


However, Vandendriessche (25) has shown that polyanions such 


as heparin and polyaspartic acid are much more effective inhib- 


itors of RNase activity toward the low molecular weight cyclic | 


phosphates than toward RNA (26). This is presumptive evi- 
dence, on the assumption of a single catalytic site, that RNA is 


bound much more tightly than uridine-2’,3’-phosphate and | 


would thus fit in with the scheme proposed above. 

It is hoped that further study of the interaction of S-peptide 
and S-protein may provide data bearing directly on the problem 
of the secondary structure of RNase and its relation to the activ- 
ity of the enzyme. The effects of alteration in the functional 


groups of S-peptide and S-protein on the regeneration of enzymic 


activity will be the subject of future communications. 


SUMMARY 


Digestion of the principal component of bovine pancreatic 
ribonuclease with subtilisin gives in high yield a modified ribo- 
nuclease which can be separated from the native enzyme. The 
only change in covalent structure so far observed is the hydrol- 
ysis of peptide bond 20 as numbered from the NH.-terminal end 
of the single chain of the native enzyme. The two portions of 
the modified enzyme can be separated by trichloroacetic acid 
fractionation. The peptide and protein components so obtained 
are enzymically inactive. The activity is largely regained on 


mixing the two components. The two components appear to — 


associate very strongly even in very dilute solution. The en- 


zymic activities of the reconstituted enzyme, the unfractionated | 
modified enzyme, and the native enzyme are compared under 3 ~ 
It is concluded that, although grossly | 


variety of conditions. 
similar, all three show slightly different behavior when examined 
in detail. 
tein components is influenced by the binding of the substrate. 
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The hen oviduct has been observed to lose virtually all its 
ability to incorporate free amino acid into protein upon homo- 
genation (2). In many instances, however, homogenation of a 
prelabeled mince, followed by removal of most of the radio- 
activity, and subsequent incubation, has led to a larger quantity 
of radioactivity contained in the protein fraction than was pres- 
ent at the start or early in the incubation. Although this 
phenomenon is not always observed, it has been observed fre- 
quently with radioactive alanine (3), phenylalanine, and valine 
(see Fig. 1 and Table I). The observation has been interpreted 
as an indication of the existence of an intermediate stage, between 
free amino acid and protein, which cannot be formed in the 
homogenate, but once formed in the intact cell preparation serves 
as a source of radioactivity for the protein. If such a precursor 
substance does exist, it would have to obey certain relationships 
in the process of amino acid incorporation. In the incubation 
of prelabeled homogenate, the radioactivity of the precursor 
material should decrease as that of the protein increases, since 
free amino acid would not replenish its pool. This precursor 
material should become labeled very quickly compared to the 
protein, should have a rapid turnover with respect to its bound 
amino acids, and should contain a wide spectrum of the amino 
acids required for protein synthesis. With the above considera- 
tions in mind, all of the material of the hen oviduct system was 
examined in the following fractions: cold trichloroacetic acid 
soluble, hot trichloroacetic acid soluble, organic solvent soluble, 
and proteins. The results suggest that the fraction most closely 
fitting the necessary criteria is the organic solvent soluble frac- 
tion (lipides). 

EXPERIMENTAL 


Incubation—The conditions for incubation as either intact 
mince or homogenate as well as the procedure for separating cell 
debris from supernatant fluid have been previously described 
(2, 4). At the end of the incubation the flasks were chilled in 
ice and in the case of mince incubations, the tissue was homog- 
enized. The chilled homogenate was separated into cell debris 
and supernatant fluid in a cold room. In interrupted or two- 
phase incubations, the tissue was washed twice with ice-cold 
nonradioactive buffer at the end of the first phase. The washed 
mince was either resuspended directly or homogenized and 
resuspended after the cell debris fraction was thoroughly washed. 
Suitable reconstructed homogenates were made from labeled 


* A preliminary report of this work has been published (1). 


and unlabeled preparations of washed cell debris and supernatant 
fluid. 

Cold Trichloroacetic Acid Fraction—The packed cell debris 
was taken up in about 5 volumes of 10 per cent trichloroacetic 
acid and the suspension of supernatant proteins was mixed with 
a 0.1 volume of 100 per cent (weight per volume) trichloroacetic 


acid. All tissue and trichloroacetic acid solutions were kept in | 


ice. The denatured protein was centrifuged and washed three 
times more in approximately 5 volumes (each wash) of 5 per 
cent trichloroacetic acid. The trichloroacetic acid extract of 
the cell debris was generally clear, but the trichloroacetic acid 


extract of the supernatant required centrifugation in the Servall | 


superspeed angle centrifuge at 13,000 r.p.m. for 10 minutes to 
produce a clear extract. 


This sediment was added to the corresponding protein fraction 
whereas the washings were added to the rest of the extract. 
Lipide Fraction—After the cold trichloroacetic acid extraction, 
ethyl alcohol at room temperature was added to the ice-cold 
(or sometimes frozen-stored) protein in a 12-ml. centrifuge tube 
and thoroughly mixed. After a few minutes the alcohol was 
removed by centrifugation and the protein was successively 


washed with 3:1 alcohol-ether, 60-65°, for 5 minutes, repeated © | 


three times, followed by two washes at room temperature with 
absolute ether. 
lipide fraction. 


straw-colored, viscous oil. 


flasks. At this point, a white protein material was left on the 
walls of the chloroform extracted flask. This material was 


removed in 5 per cent trichloroacetic acid with a rubber police | 
man, washed twice with ether, plated, and counted. The clear 
chloroform extract sometimes contained a small amount of ; 
suspended protein which could be easily removed by filtration | 


through Whatman No. 1 filter paper. 


Hot Trichloroacetic Acid Fraction—This fraction may contain © 


The sediment from this centrifugation | 
was further washed twice with 5 per cent trichloroacetic acid. | 


These combined extracts comprise the crude | 
The alcohol and ether were completely removed 
in a vacuum in a flash evaporator below 40° to yield a clear, — 
Chloroform was then added in small 
aliquots to wash out the flask, and the combined washings, after | 
centrifugation, made to a volume of 5.0 or 10.0 ml. in volumetric | 


material not derived from nucleic acid. However, it should — 
contain at least all of the nucleic acid-associated radioactivity © 


and for that reason it will be sometimes referred to as nucleic 
acid-bound radioactivity with the realization that it would 


represent an upper limit of radioactivity actually associated with | 


nucleic acids. 
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heated to 90-95° in a water bath for 15 minutes. 
ing, the protein was then washed three times in 5 per cent tri- 


incubation, the cell debris was taken up in 0.4 N HCIO,. 
- supernatant fraction was precipitated with 0.1 volume of 4 N 
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MINUTES OF POSTINCUBATION 


Fic. 1. Total radioactivity recovered from total proteins dur- 
ing homogenate incubation of prelabeled cell debris and unlabeled 
supernatant fraction. The data are expressed in per cent based 
on the radioactivity in the protein at the start of the preincuba- 
tion as representing 100 percent. The labeled cell debris was iso- 
lated from tissue prelabeled by incubating the mince with radioac- 
tive amino acid for 90 to 135 minutes. ------, experiments with 
phenylalanine; ——, experiments with alanine. See text for de- 
tails. 
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The combined NaCl extract was chilled to about —10°, and 
absolute alcohol at the same temperature was added to 60 per 
cent final concentration. After several hours the precipitate was 
collected by centrifugation and taken up in water. The alcohol 
precipitation was repeated and the final precipitate collected by 
centrifugation represents the RNA complex. The total amount 
of RNA in the tissue was determined by the orcinol method (4) 
on the hot trichloroacetic acid extracts of the other tissue ali- 
quot. The NaCl extraction removed only about 50 per cent of 
the total RNA of the tissue. After the specific activity of the 
isolated RNA was determined, the total activity was calculated 
on the assumption that the isolated RNA was representative of 
the total in the tissue (see Hoagland et al. (5)). 

Preparation of Protein for Radioactivity Determination—The 
protein was dried by washing with ethyl alcohol followed by two 
washes with ether and plated and counted as previously described 
(2). 

Preparation of Trichloroacetic Acid Fractions for Radioactivity 
Determination—The combined trichloroacetic acid washings for 
any particular sample were autoclaved for 1 hour at 120° to 


TABLE 
Distribution of radioactivity between various fractions of hen oviduct homogenate during postincubation of prelabeled tissue 


Total protein Hot TCA soluble | Lipide Cold TCA soluble* 
Minutes of postincubation 

0 50 140 0 50 140 | 0 50 140 0 $0 140 
CDt + St 28,900t, 25,400 | 33,500 2,200 | 1,900 2,320 560 | 535 460 | 0.179 | 0.166 | 0.223 
~—6CDtT+S 12,000 | 10,800 13,650 850 680 890 240 105 105 0.012 0.012 0.019 
~CD+ St 16,900 | 14,900 15,260 | 1,320 1,045 1,085 | 320 400 260 0.166 0.123° | 0.135 

CD +S + radioactive val- 470 90 | 3, 420§ 55 

ine | | 


* The cold trichloroacetic acid (TCA) soluble radioactivity is expressed as fractions of 10° ¢.p.m. 


t Denotes a fraction obtained from a mince that was preincubated 30 minutes with valine-1-C'. 


tant. 
t Numbers denote total c.p.m. in the fraction. 


CD = cell debris, S = superna- 


§ A lesser percentage of this radioactivity was extractable into hexane from a 25 per cent aqueous methanol solution than was found 


in the case of the lipides isolated from the prelabled tissue fractions. 


At the end of the lipide extraction, the ether-soaked proteins 


were allowed to stand at room temperature and then slightly 
- warmed to remove the ether. 


Five per cent trichloroacetic acid 
(0.3 mw) was then added to the centrifuge tubes and they were 
After centrifug- 


chloroacetic acid at room temperature. 
Sodium Chloride Extraction Technique—At the end of the 
The 


Each fraction was washed four times with 0.2 n HCIO,, 
and once with a mixture of 5:1 ethanol, 0.2 Nn HCIO,. For the 
above operations the tissue and all solutions were kept in ice 
ina cold room at 4°. Absolute ethanol was added in the cold 


_ and the mixture allowed to warm up to room temperature. 
_ The lipide fraction was obtained by further extracting the tissue 


with 3:1 aleohol-ether twice at 50° for 8 minutes each time. The 


tissue was next extracted with 10 per cent NaCl for 20 minutes 
at 100°. 
during the extraction. 


The pH was 4 at the beginning and fell to about 2 to 3 
A second NaCl extraction was then used. 


For experimental details see text. 


decompose the trichloroacetic acid to chloroform and CO..' It 
is essential to use an antifoam agent and take steps to collect 
any possible spillage due to foaming under these conditions. The 
autoclaved extract was concentrated to dryness in an evaporating 
dish on the steam bath, and the residue was brought to a suitable 
volume in a volumetric flask. Per 2 gm. aliquot of tissue the 
following final volumes were emploved: hot trichloroacetic acid 
extract, 2.0 ml.; cell debris cold trichloroacetic acid extract, 10.0 


mil.; supernatant fraction cold trichloroacetic acid extract, 50.0 


ml. Suitable aliquots were plated in duplicate for radioactivity 
determinations. 

Preparation of Lipide Fraction for Radioactivity Determination— 
A suitable aliquot of chloroform solution (usually 2.0 ml.) was 
pipetted into a vial and concentrated with a jet of Nz while 
being slightly warmed by an infrared lamp. The resultant oil 
was placed in a vacuum on a water pump for about 5 minutes and 


1 In the experiments described in Fig. 2 and Fig. 3 the trichloro- 
acetic acid was removed by continuous ether extractions of the 
slightly HCl acidified extracts. 


h 

— 
Bo 


Amino Acids in “Nonprotein”’ Fractions 


1468 
40000 a 
uJ 
4 “TOTAL PROTEIN 
= 
~ 
20000 —-CD PROTEIN - 
ro) 
10000 _sSPROTEIN 
“CD COLD TCA 
6000 
10 30 50 100 150 200 


MINUTES OF INCUBATION 


Fic. 2. Total radioactivity recovered from different tissue frac- 
tions during homogenate incubation of prelabeled tissue. CD 
represents cell debris; 8S, supernatant. The tissue was prelabeled 
by incubating the mince with alanine-1-C"* for 135 minutes. In 
the case of curves labeled lipide and hot trichloroacetic acid 
(TCA), the upper curves in each case are representative of the CD 
fraction and the lower curves of the supernatant fraction for the 
lipide and hot TCA, respectively. See text for details. 
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MINUTES OF INCUBATION 


Fic. 3. Total radioactivity recovered from different tissue frac- 
tions during intact mince incubation of prelabeled tissue. The 
tissue was prelabeled by incubating the mince with alanine-1-C" 
for 10 minutes. After this time, the tissue was iced and washed 
twice with iced unlabeled buffer. The zero ordinate denotes the 
starting time of the incubation of the washed prelabeled mince. 
CD represents cell debris; S, supernatant. The actual values for 
the CD hot trichloroacetic acid (TCA) curve points were 600, 450, 
435, 545, 830, and 840 c.p.m., respectively at zero, 5, 15, 30, 60, and 
120 minutes; and for the supernatant hot trichloroacetic acid curve 
the points were 225, 115, 75, 85, 220, and 115 c.p.m. for the same 
series of time points. See text for details. 
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dissolved in 15 ml. of toluene containing the phosphor 2,5 
diphenyloxazole at a concentration of 4 mg. per ml. 

The radioactivity of all fractions was corrected to and ex. 
pressed as equivalent radioactivity in a stainless steel planchet 
of 1.54 sq. cm. area at 10 mg. protein absorption. 

Radioactive Amino Acids and Counting Equipment—The radio- 
active amino acids employed in this work were DL-valine-1-C¥ 
purchased from Nuclear-Chicago and pt-phenylalanine-3-C¥, 
and pt-alanine-1-C™ purchased from the Volk Radiochemical 
Company, Chicago. 

The lipides dissolved in toluene together with the phosphor were 
counted in a Packard tri-carb liquid scintillation spectrometer, 
model 314, purchased from the Packard Instrument Company, 
Quenching corrections were made with the aid of an internal 
standard. 

All other radioactive materials were counted on a Nuclear- 
Chicago Geiger tube with a Micromil window, which was con- 
tinually flushed with Q gas. 


RESULTS 


Although an acellular preparation of hen oviduct shows 
virtually no ability to incorporate free radioactive amino acid 
into its proteins, it can be observed that the proteins of a pre- 


labeled mince after homogenation show an increase in radio | 
activity. Generally an initial loss of radioactivity in the total | 


protein precedes a phase of apparent incorporation (Fig. 1, 
Table I). In an attempt to determine the source of the radio 


activity which appears to enter the protein of a washed homog.- f 
enate obtained from a prelabeled mince, the total radioactivity | 
of the entire tissue was examined in separate fractions during the | 
Fig. 2 shows that with alanine-l- | 


acellular labeling of protein. 
C" the nucleic acid fraction was remarkably stable during this 


acellular incubation, and it represented the smallest fraction of | 
the total radioactivity. The cold trichloroacetic acid-soluble | 


radioactivity of the cell debris after a rapid initial loss of radio 
activity, reached a level which remained constant during the rest 
of the incubation. The cold trichloroacetic acid-soluble radio- 
activity of the supernatant medium is difficult to obtain in this 
type of experiment because about 99 per cent of the initial activ- 


ity is removed during the washing before obtaining the labeled | 
cell debris, and small residual amounts of radioactivity would be — 


100 times magnified when compared to the less than 1 per cent 
original activity which remains in this fraction. 
ing to observe that the lipide-soluble radioactivity at the end of 
the 2} hour mince incubation amounted to 9 per cent of the total 


cold trichloroacetic acid soluble radioactivity present, and that} 
this fraction was the only one to show a net decline during the} 


subsequent homogenate incubation. 


A precursor stage between amino acid and protein should | 


become labeled very rapidly compared to the rate at which radio 
activity enters the protein. Furthermore, the radioactivity of 4 
precursor should be in a dynamic state as contrasted to that of 4 
stable end product. From Fig. 3 it can be seen that after a 1¢ 


minute preincubation of mince with radioactive alanine the} 
protein contained 0.4 per cent as much radioactivity as is found | 
in the cold trichloroacetic acid soluble fraction; the nucleic acids | 
contained 0.08 per cent, and the total lipides 6 per cent of whieh | 
1.2 per cent was associated with the cell debris (only the data for) 
After washing and reincubating the} 


the cell debris are shown). 


intact mince in unlabeled buffer, the cold trichloroacetic acid-} 
The proteins i) 


soluble fraction decreased in radioactivity. 


It was interest- 
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the radioactivity of the free amino acid pool. 
consistent with the possibility that amino acid could pass through | 


mince (2). 


within the cell. 
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creased to 6 per cent, and the nucleic acid fraction showed a slow 
slight increase to 0.3 per cent of the cold trichloroacetic acid 
soluble radioactivity present at the end of the second phase of 
the incubation. On the other hand, the radioactivity of the 
lipides declined more rapidly than that of the cold trichloroacetic 
acid-soluble fraction. At the end of the postincubation the 
lipide fraction contained only 2 per cent as much radioactivity 
as the cold trichloroacetic acid-soluble fraction, of which approxi- 
mately one-fourth (0.5 per cent) was associated with the cell 
debris. From Fig. 3 it can be seen that, at the start of the 
washed cell incubation, radioactivity entered the protein at a 
rate of 400 c.p.m. In considering the possibility that nucleic 
acid-bound radioactivity represents a precursor to the protein, 
two aspects are important: 

1. The rate of flow of radioactivity into the pool from free 
amino acid or derivative. 

2. The rate of flow of radioactivity out of the pool toward 
protein. 

By lowering the radioactivity of the free amino acid pool at 10 
minutes, the rate of flow of counts into the suspected precursor 
pool should be lessened. From all previous experience with the 
system under study, as well as from the data in this experiment, 
there should be no appreciable deterioration in the rate of in- 


corporation into protein and hence the rate of exit of radioactivity | 


from a precursor pool. Therefore, with less radioactivity enter- 
ing the precursor pool in the face of a still relatively high rate of 
departure (approximately 67 per cent of the total pool every 
minute, initially), the precursor should show a marked decrease. 


_ The decrease in the first 15 minutes actually observed would 


reflect a loss of adsorbed radioactivity, since it is known that at 
zero time a certain amount of radioactivity is associated with all 
the fractions. The fact that after 15 minutes a continual in- 
crease of radioactivity in this fraction is observed would indicate 


that an appreciable portion of the radioactivity represents stable 


end product. Therefore, of the 600 c.p.m. present a significantly 
smaller fraction could still be considered in terms of a possible 
precursor to the protein and the precursor would have to be 


~ completely and continually replaced in a matter of seconds. A 


further consideration against the possibility of the nucleic acid- 


~ bound radioactivity serving as the type of amino acid carrier 


recently envisaged (5-8) is the fact that most or all of the counts 
in experiments with alanine, valine, and phenylalanine are stable 
to conditions which would be expected to liberate the amino 
acid. (See discussion of the hot trichloroacetic acid-soluble 
bound radioactivity below.) 

The lipides are able to accumulate a relatively high amount of 


- radioactivity early in the incubation, and this level shows a 


decline during the phase of the incubation after the lowering of 
Such behavior is 


this fraction enroute to the protein. 

Previous studies with the hen oviduct revealed a stimulation 
by CoA of the incorporation of amino acid into protein of the 
In Fig. 4 it can be seen that CoA markedly stimu- 


lated the incorporation of phenylalanine into protein. That this 


effect was not due to an increased rate of entry of amino acid into 


the cell is shown by the data on cold trichloroacetic acid soluble 
radioactivity, which essentially represent the free amino acid 
The radioactivity of the lipides of the superna- 


_ tant fraction showed a marked increase in the presence of CoA. 
_ The stimulatory effect of CoA on incorporation of amino acid into 
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MINUTES OF INCUBATION 


Fic. 4. Effect of CoA (100 units per ml.) on uptake of phenyl- 
alanine-3-C' by different tissue fractions of intact mince. CD 
represents cell debris; S, supernatant. The values for points from 
incubations in the presence of CoA are indicated by arrows. See 
text for details. 


protein is most marked in preparations showing low rates of 
amino acid incorporation into protein. In preparations which 
are very active initially, CoA has either no effect ora slight de- 
pressive effect. 

Fig. 5 demonstrates that in another experiment with an intact 
mince and phenylalanine, the nucleic acid fraction was very slow 
to accumulate radioactivity. Once accumulated, the radioactiv- 
ity appeared to be bound in a stable manner showing no tendency 
to leave this fraction. The lipides, on the other hand, quickly 
accumulated an appreciable amount of radioactivity early in the 
incubation and a saturation level for the cell debris appeared to 
be approached in a matter of minutes. When the whole radio- 
active homogenate was incubated there was a loss of radioactivity 
from the supernatant lipides but not from the lipides of the cell 
debris. In corresponding experiments with nonradioactive 
supernatant fractions the cell debris lipides showed a marked 
decrease in radioactivity (in face of a constant level of cold 
trichloroacetic acid soluble counts), and so it would appear that 
the radioactivity lost from the supernatant lipides entered the 
cell debris lipides and maintained its level of radioactivity. This 
fact is indicated more strongly in other experiments with valine.? 
With valine-1-C" as the isotopic amino acid, several variations 
were tried. After a preliminary 30-minute incubation of the 
mince with the radioactive amino acid, the tissue was centrifuged, 
washed, homogenized, and reincubated in the following combina- 
tions: 

2 That is, upon incubation of prelabeled tissue fractions, radio- 


active supernatant lipide was a good source of radioactivity for 
unlabeled cell debris lipide but the reverse situation was not true. 
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MINUTES OF INCUBATION 
Fic. 5. Uptake and loss of phenylalanine-3-C"* by different tis - 
sue fractions of hen oviduct. CD represents cell debris; 8, super- 
natant. Intact mince was used during the uptake (curves on the 
left) and a whole homogenate of washed prelabeled mince for the 
loss of radioactivity (curves on the right). See text for details. 


TaBLe II 


Distribution of lipide contained radioactivity* between chloroform, 
water, and mutually insoluble interface 


Phase Specific activity Total activity 
c.p.m./mg c.p.m. 
White fluffy interface......... 173 1870 


* Alanine-1-C"*. 


1. Radioactive cell debris + radioactive supernatant. 

2. Radioactive cell debris + unlabeled supernatant. 

3. Unlabeled cell debris + radioactive supernatant. 

4. Unlabeled cell debris + unlabeled supernatant + radio- 

active amino acid. 

Determinations of radioactivity were made at 50 minutes and 
at 140 minutes of the postincubation period. The data of Table 
I indicate the following: 

The prelabeled homogenate showed an increase of radioactivity 
well above that which would be expected on the basis of incorpo- 
ration of free amino acid. This was most pronounced for the 
flask containing radioactive cell debris plus radioactive superna- 
tant. The hot trichloroacetic acid soluble fraction reflected 
quite closely the changes in radioactivity observed in the case of 
the proteins. Subsequent paper chromatography of the hot 
trichloroacetic acid fraction on Whatman No. 1 in 80 per cent 
propanol showed that all of the observable radioactivity remained 
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at the origin and hence the bond by which the amino acid was 
linked was stable to 15 minutes of heating at 95° in 0.3 M tri- 
chloroacetic acid. After hydrolysis in 6 N HCl 16 hours at 120°, 
the radioactivity was recovered as valine. The lipide-soluble 
radioactivity in this experiment was relatively much lower than 
was observed previously for alanine and phenylalanine. It must 
be remembered that the peak levels for the lipides appear to be 
reached early in the incubation. <A corresponding preincubation 
of another oviduct preparation with radioactive valine for 135 
minutes instead of 30 minutes as in this experiment showed 6 
times more radioactivity in the hot trichloroacetic acid soluble 
fraction but only 70 per cent as much radioactivity in the lipides, 
It is, therefore, most probable that at earlier points the ratios of 
lipide associated radioactivity to nucleic acid associated radio- 
activity would be much higher. Nevertheless, the absolute 
level of radioactivity recovered in the lipide fraction as well as 
the absolute decrease in lipide-associated counts during the post- 
incubation appears to be quite low relative to the increase of 
radioactivity in the protein. If the changes in radioactivity in 
the lipides do reflect the possibility of the amino acid passing 
through this fraction enroute to the protein, then a major por- 
tion of this amino acid, which in the intact cell is lipide associated 
and properly oriented for subsequent incorporation into the 
protein, must occasionally be lost from the lipide fraction during 
the isolation procedure. 

Some Characteristics of Lipide-Associated Radioactivity—When 
the alcohol ether extract of the tissue is concentrated, a clear 
straw-colored viscous oil is obtained. The addition of chloro- 
form causes the immediate precipitation of a protein-like mate- 
ria! which reacts strongly with biuret to give an amount of color 
equal, on a weight basis, to serum albumin. The specific activity 
of this material is generally equal to or somewhat greater than 
that of the protein taken at the same time point. The lipide- 
associated radioactivity discussed in this paper, except for data 
of Fig. 2, refers only to the chloroform soluble radioactivity. 

In an experiment with radioactive alanine, 6 ml. of a crystal- 
clear straw-colored filtrate of chloroform solution were shaken 
with 6 ml. of water in order to remove free amino acid if present. 
There was an immediate formation of an insoluble, white, fluffy 
material which upon centrifugation concentrated at the inter- 
face of the mixture (see Folch and Lees (9)). 
observed distribution of radioactivity. Additional amounts of 
the three fractions as well as the original chloroform solution 
were subjected to chromatography on Whatman No. 1 paper in 
80 per cent propanol with alanine as a standard before and after 
hydrolysis in 6 N HCl, 16 hours at 120°. In all cases, after hy- 
drolysis, the radioactivity traveled as a discrete spot correspond- 
ing to alanine. No radioactivity was observed at the positions 
for serine or glutamic acid. There were several ninhydrin-posi- 
tive spots obtained from the interface and water extracts before 
hydrolysis, but only one spot remained in the extracted chloro- 
form phase. After hydrolysis there was a very marked increase 
in ninhydrin-positive material, and this was most pronounced in 
the case of the insoluble material from the interface, where it 
appeared that the complete spectrum of amino acid was present. 
Before hydrolysis the radioactivity in all cases traveled as a long 
smear extending approximately from R, 0.3 to 0.6 and including 
the position for alanine Rp 0.4. 

In consideration of a nonspecific attraction of the hydrophobic 
portion of the amino acid with some lipide substance altering the 
solubility characteristics of the amino acid, the following control 


Table II gives the | 
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wasrun. A minute quantity of undiluted p1-leucine-1-C™ (5.33 
me. per mmole) from Oak Ridge, which was chosen for its hydro- 
phobic character, was mixed well with the CHCl; solution of the 
tissue lipides and after extracting with water the above-described 
fractions were plated and counted. It was found that 99 per 
cent of the radioactivity was extracted into the water and about 
0.1 per cent became associated with the interface material. The 
small amount of radioactivity in the interface material was still 
quite sufficient for paper chromatography and it traveled as a 
discrete spot for leucine, well removed from the broad area oc- 
cupied by alanine. The above general findings were completely 
confirmed by reacting with 2,4-dinitrofluorobenzene before and 
after hydrolysis and subsequent two-dimensional chromatog- 
raphy of the derivatives. That is, before hydrolysis practically 
no free amino acid derivatives were present other than a strong 
serine spot, and weaker glutamic and aspartic acid spots. After 
hydrolysis there were 14 separate spots whereas a complete mix- 
ture of amino acids at this point could yield as many as 17. 
Before hydrolysis most of the radioactivity and color was ex- 
tracted with ether from the alkaline solution. This behavior 
eliminates the free amino acids which, because of their free car- 
boxyl group, are extracted only after acidification. Upon chro- 
matography of this material in toluene, 2-chloroethanol, pyridine, 
ammonia in one dimension and pH 6, 1.5 m phosphate buffer in 
the second dimension, no free amino acids were detected (10). 
All of the material ran with the toluene front and showed prac- 
tically no mobility in the phosphate buffer. 

In an experiment with phenylalanine the chloroform-soluble 
material was concentrated to an oil which was taken up in ace- 
tone. The acetone solution was kept overnight at —15° yield- 
ing a fluffy, white precipitate. About 95 per cent of the radio- 
activity remained in the acetone solution under these conditions. 
The chloroform-soluble, acetone-soluble material was again con- 
centrated and distributed between petroleum ether and dimethy]- 
formamide, and between petroleum ether and several aqueous 
concentrations of dimethylformamide. Table III gives the re- 
sults. 

The fact that addition of water to the lower phase forced the 
radioactivity into the petroleum ether and into the water im- 
miscible material at the interface eliminated the possibility that 
the counts were in the form of free amino acid. 

In a subsequent experiment with phenylalanine, the chloro- 
form soluble oil was distributed between hexane and various 
concentrations of aqueous methanol. It was again observed 
that although the radioactivity initially remained completely in 
the methanol, the addition of water forced the radioactivity out 
of the aqueous methanol into the hexane so that at a 25 per cent 
methanol concentration a distribution coefficient of unity was 
obtained. Furthermore, the addition of free phenylalanine to 


the 25 per cent methanol solution, both in the presence and ab- 


sence of the chloroform soluble oil resulted in a distribution co- 
efficient between the aqueous methanol and hexane of 100 to 1 
in favor of the aqueous methanol. 

In all cases with the three radioactive amino acids under study 
in this paper, alanine, phenylalanine, and valine, hydrolysis lib- 
erated all of the detectable radioactivity as the administered 
amino acid with no apparent conversions. Subsequent studies 
to be reported at a later date indicated that the association of 
amino acid with lipide is very labile and easily cleaved at neutral 
pH but has maximal stability at acid pH. Since the amino 
acid can be recovered from the lipide complex under very mild 
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TaBLeE III 


Distribution of lipide-contained radioactivity* between petroleum 
ether and various aqueous concentrations of dimethylformamide 


Lower phase Interface Upper phase 
1. composition dimethylform- none petroleum ether 
amide 
appearance yellow none colorless 
radioactivity | 96% none 4% 
2. composition 75% dimethyl- | none petroleum ether 
formamide 
appearance yellow none colorless 
radioactivity | 96% none 4% 
3. composition 33% dimethyl- | film petroleum ether 
formamide 
appearance colorless brown | yellow 
radioactivity | 59% 5% 36% 
4. composition water fluff petroleum ether 
appearance colorless white | yellow 
radioactivity | 43% 37% 23% 


* Phenylalanine-3-C". 


conditions, it is obviously not held in a peptide bond. Further 
characterization of this complex as well as the possibility of its 
being involved in protein synthesis are currently under study. 

Characteristics of Hot Trichloroacetic Acid Soluble or Nucleic 
Acid-Bound Radioactivity—In the case of phenylalanine-3-C™ the 
radioactivity in this fraction before hydrolysis, when subjected 
to paper chromatography in 80 per cent propanol, did not travel 
with phenylalanine but remained at or near the origin. With 
radioactive valine all of the detectable radioactivity before hy- 
drolysis remained at the origin, even though added valine com- 
pletely separated away from the origin. After hydrolysis there 
was an intense liberation of ninhydrin-positive material and the 
radioactivity moved to or near the position of the corresponding 
standard (phenylalanine or valine). This means that the bond 
holding the radioactive amino acid in this fraction was stable to 
0.3 m trichloroacetic acid at 95 per cent for 15 minutes. 

Recently a great deal of attention has been focused on amino 
acid-RNA complexes and their possible role as intermediates in 
protein synthesis (5, 6, 8, 11-14). Berg and Offengand (6) re- 
cently reported that with one such complex obtained from FE. 
coli, the amino acid was split off of the RNA by 0.05 n HCIO, 
at 100° for 15 minutes, and Weiss et al. (8) have reported that 
hot trichloroacetic acid cleaves the RNA amino acid complex 
from pigeon pancreas. It seems most unlikely that a complex 
of that kind was present in the hot trichloroacetic acid fraction 
from hen oviduct. 

Since these results are in apparent conflict with the postulated 
function of RNA as a carrier for amino acids in the process of 
protein synthesis, the following control experiment was _ per- 
formed: 

Separate 5-gm. aliquots of oviduct mince were incubated for 
10 minutes. One portion was fractionated in the usual manner as 
employed in this work. One portion was fractionated according 
to the directions of Hoagland et al. (5, 15) and the RNA isolated 
and purified by reprecipitation in 60 per cent ethanol as described. 
The final portion was homogenized before incubation and after 10 
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Tissue was incubated 10 minutes as a mince (Columns 1 and 2) or as a homogenate (Column 3). 


Amino Acids in “‘Nonprotein”’ Fractions 


TABLE IV 
Total radioactivity distribution in all fractions 


was trichloroacetic acid (TCA) (Column 1) or HClO, and NaCl extraction (Columns 2 and 3). 
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The extraction method employed 


Protein Nucleic acids Lipides 
Radleactive amine acid NaCl Extraction NaCl Extraction NaCl Extraction 
Hot TCA Hot TCA Hot TCA Biase 
method 2 3 meth 3 method 2 3 
Mince Homogenate Mince Homogenate Mince* Homogenate 
CDt Valine-1-C' 6 ,950f 5,600 164 350 85 18 178 85 670 
s 9 ,900 8,200 695 550 390 7,075 206 1,520 
Total 16,850 13,800 859 900 475 7, 228 291 2,190 
CD Alanine-1-C'4 2,000 1,500 196 250 51 19 140 49 334 
S 2,100 1,850 450 101 635 125 370 
Total 4,100 3,350 196 700 152 775 174 704 
CD Phenylalanine-3-C!4 7,050 4,700 1,290 415 ot 16 370 335 2,740 
Ss 9 ,650 7,350 386 1,090 300 10,800 1,800 5,940 
Total 16,700 12,050 1,676 1,505 354 11,170 2,135 8,680 


* It was found that the preliminary ethanol:perchloric acid wash had removed an appreciable amount of radioactivity which might 
explain the relatively low recovery of lipide counts by this procedure. 


t CD = cell debris, S = supernatant. 
t Numbers denote total c.p.m. in the fraction. 


TABLE V 
Specific radioactivity of ‘‘nucleic acids’’ in relation to proteins 
Tissue was incubated 10 minutes as a mince (Columns | and 2) 
or as a homogenate (Column 3). The extraction method em- 
ployed was trichloroacetic acid (TCA) (Column 1) or HCIO, and 
NaCl extraction (Columns 2 and 3). 


Protein Nucleic acids 
NaCl extraction NaCl extraction 
Radioactive amino acid Hot Hot 
TCA TCA 
method 2 3 method 2 3 
CD* Valine-1-C'* 30F 23 0.5 6.1 5.4 1.1 
Ss 20 17 1.4 | 17 26 
CD Alanine-1-C!* 8.0; 0.7 3.0! 1.1 
Ss 5.3 4.7 14 7.1 
CD Phenylalanine-3-C" | 26 19 4.0 
Ss 25 19 1.0 | 3l 19 


* CD = cell debris, S = supernatant. 
t+ Numbers denote c.p.m./mg. at 10 mg. absorption. 


minutes fractionated according to the procedure of Hoagland et 
al. As an additional control to evaluate the possibility that, if a 
labile amino acid were liberated it might become bound during 
the procedure of obtaining the hot trichloroacetic acid extract, 
unlabeled amino acid (10 wmoles) was added to the tissue before 
extracting with hot trichloroacetic acid. The above variations 
were tried for valine-1-C™, alanine-1-C"™, and phenylalanine-3-C". 
The total amount of RNA in the tissue was determined by the 
orcinol procedure (4) and the specific activity of the RNA prepa- 
ration obtained was multiplied by the factor necessary to express 
the total radioactivity associated with the RNA of the tissue 
(assuming that the isolated RNA is representative of the total as 


assumed by Hoagland et al. (5)). Table IV shows that in all 
cases the hot trichloroacetic acid extraction showed a higher 
radioactivity for the nucleic acid fraction than did the NaCl ex- 
traction procedure. ‘The lipide fractions for valine and phenyl- 
alanine were about 8 times more radioactive than the hot tri- 
chloroacetic acid fraction. The lipide fraction in the alanine 
incubation showed a much lower amount of radioactivity than is 
usually encountered. Perhaps this is related to the relatively 
lesser rate of incorporation of amino acid into protein in this par- 
ticular incubation. Table V shows that in confirmation of the 
results with intact cells of Ehrlich ascites tumor (5), the RNA 
complex of the supernatant fraction had a specific activity equal 
to or somewhat greater than that of the corresponding protein. 

The hot trichloroacetic acid extract was chromatographed on 
Whatman No. 1 paper in 80 per cent propanol. In each case, 
an intense ninhydrin spot was observed for the added free amino 
acid in the appropriate relative Rp position. It would appear 
that little, if any, of the added amino acid became bound as a 
result of the procedures used in the isolation of the hot trichloro- 
acetic acid fraction. There was very little radioactivity at this 
early time point in the hot trichloroacetic acid fraction, but a 
major portion remained at the origin confirming the observation 
that a substantial fraction of the radioactivity in this fraction is 
in a different form than the labile RNA-amino acid complex en- 
visaged as an intermediate in protein synthesis. More likely 
this fraction from oviduct appears to contain an appreciable 
amount of stable end product. 


DISCUSSION 


The basis of the approach used in this work was that if there is 
a protein precursor form other than protein or free amino acid, 
then examination of the kinetic behavior for amino acid passage 
through different fractions representing all of the tissue should 
yield information on the nature of this precursor substance. Ef- 


forts in the past have been spent mostly in examining the cold 
trichloroacetic acid-soluble fraction because this should contain 
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any small free peptides which were considered the most likely 
type of intermediate. Accordingly, the acid-soluble fractions of 
a wide variety of tissues, in many parts of the world, were studied 
by means of radioactive tracers and sensitive forms of chroma- 
tography. Although there have been occasional reports of pep- 
tide material from different sources, they are absent in most 
tissues and the ones found have never been experimentally im- 
plicated in protein synthesis at the time of writing. 

Interest currently has been centered on the nucleic acids as 
carriers of amino acid en route to protein. It is postulated that 
amino acid, activated by reacting with ATP to form amino acy]- 
AMP, is transferred to a soluble ribonucleic acid and this in turn 
becomes a part of, or passes its amino acid to the template for 
incorporation into the protein. As interesting as this theoretical 
possibility seems, there has been little direct evidence to implicate 
it as being involved in a system that is making discrete recog- 
nizable proteins. Furthermore, there have been several pub- 
lished experimental findings that raise serious questions as to its 
role in protein synthesis (16-21). The data in this paper appear 
to be unfavorable to the idea of the nucleic acids playing such a 
role in a tissue capable of synthesizing a considerable amount of 
protein. 

The technique employed in this work would be expected to 
preserve the postulated amino acid RNA complex up to the 
point of obtaining the hot trichloroacetic acid soluble fraction 
(5-8,15). Therefore, the procedure used should measure the ex- 
tent of formation of such an intermediate. It was found that 
this fraction was slow to take up radioactivity, compared to the 
rate of incorporation of radioactivity into the protein. Once 
incorporated, the radioactivity was retained; even under condi- 
tions of reduced inflow of radioactivity from amino acid in face of 
continued rapid incorporation of radioactivity into protein. 
Furthermore, under more drastic conditions than those which 
disrupted the valine-RNA complex from £. coli or leucine-RNA 
complex from pigeon pancreas (8) the amino acid was largely 
not liberated from its complex in this fraction. Therefore, the 
small amount of radioactivity in the fraction which behaved 
kinetically like stable end product also possessed chemical char- 
acteristics of a stable compound. 

The lipide fraction, on the other hand, was quick to become 
labeled and rapidly acquired a level of radioactivity which was 
generally commensurate with the magnitude of the rate of label- 
ing of the protein. The activity in the fraction appeared to be 
in a dynamic state such that radioactivity was lost upon incu- 
bation in a medium of lowered amino acid radioactivity. The 
linkage of amino acid in this fraction was very labile at neutral 
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and alkaline values of pH and appeared fairly stable at low pH. 
Addition of agents known to be detrimental to lipides results in 
potent inhibition of amino acid incorporation into protein (23), 
and addition of lipogenic cofactors such as CoA and cytidine 
triphosphate have been observed to exert a stimulatory effect. 
It should be noted, however, that cytidine triphosphate has re- 
cently been implicated in the formation of the soluble ribonucleic 
acid amino acid complex (22). 

The sum total of the above considerations does not demonstrate 
a role for lipides in protein synthesis. It is entirely consistent 
with this possibility and at the same time, data are presented 
which are difficult to reconcile with the hypothesis that the amino 
acids are carried by nucleic acid complexes. The present tenta- 
tive interpretation of these findings would suggest the possibility 
that amino acids are quickly taken into a lipide complex and 
concentrated in the lipophilic membrane of the microsomal sys- 
tem. The accumulated amino acids in the lipide medium are 
then spatially oriented for final assembly into discrete protein, 
under direction perhaps of the information containing ribonucleo- 
protein granules which themselves are imbedded in this lipophilic 
medium. In tissues where the lipophilic membrane is not de- 
monstrable, its role may be performed by other lipide surfaces 
within the cell. 


SUMMARY 


1. The rate of accumulation of radioactivity in the cold tri- 
chloroacetic acid soluble, hot trichloroacetic acid soluble, and 
lipide fractions of hen oviduct was determined during incubations 
with radioactive alanine, phenylalanine, and valine. The rate of 
loss of radioactivity from the same fractions, prelabeled during a 
mince incubation, was determined in subsequent incubations in 
homogenates or washed intact minces. 

2. The kinetic behavior of these fractions was examined in re- 
lation to the rate of entrance of radioactivity into the protein. 
The nucleic acid fraction was slow to take up radioactivity. 
Once incorporated, the radioactivity was stably held. The lipide 
fraction rapidly incorporated and lost radioactivity. The data 
suggest that in the hen oviduct the lipide fraction may be a more 
likely intermediate carrier for the amino acids than the nucleic 
acids. 

3. Some characterization of the nature of the binding of amino 
acid in these fractions is presented. The chemical bond linking 
the amino acid to a component of the nucleic acid fraction is 
relatively stable. On the other hand, the amino acid is held by 
a highly labile bond in the lipide fraction. 
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An Enzyme that Synthesizes Cystathionine 
and Deaminates L-Serine* 
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The first attempt to demonstrate cystathionine synthetase 
from animal tissues was reported by Binkley (1). This author 
reported the preparation from rat liver of an extract that cata- 
lyzed the synthesis of cystathionine from serine and homo- 
cysteine. A second preparation containing cystathionase was 
utilized for assaying the activity of the synthesis enzyme. Nu- 
merous difficulties prevented this attempt at purification from 
progressing very far. 

The present work describes a procedure for the purification of 
cystathionine synthetase from rat liver. The enzyme prepara- 
tion also catalyzes the deamination of L-serine to pyruvic acid 
and ammonia. Evidence has been obtained which indicates that 
both the cystathionine synthetase and serine deaminase activities 
are due to a single enzyme. A requirement of both enzymic 
activities for pyridoxal phosphate has been demonstrated. 


EXPERIMENTAL 


Materials—t-Serine and pt-homocysteinethiolactone hydro- 
chloride were purchased from the California Foundation for 
Biochemical Research and pyridoxal phosphate from Hoffman-La 
Roche Inc. The thiolactone hydrochloride was converted to 
homocysteine by treatment with alkali immediately before in- 
cubation with the enzyme preparation. 

Deionized distilled water was used throughout this investiga- 
tion. 

Analytical Methods 


Serine was determined by periodate oxidation by the method 
of Frisell et al. (2). The optical density of the chromotropic 
acid color of formaldehyde was measured at 570 mu. An ap- 
propriate standard curve was constructed with L-serine. 

The pyruvic acid produced during an incubation was deter- 
mined by Sayre and Greenberg’s modification of the direct 
method of Friedemann and Haugen (3). Protein concentrations 
were determined by measuring the ultraviolet absorption of 
suitably diluted aliquots of the samples at 280 and 260 my (4), 
with the Beckman model DU spectrophotometer in silica cells of 
1-cm. light path. 

Enzyme Assay Method 

Cystathionine Synthetase Activity—p1-Homocysteine, 0.25 
mmole (derived from the thiolactone hydrochloride by treat- 
ment with 2.0 nN sodium hydroxide), and t-serine (0.2 mmole) 

* Aided by a research grant from the National Heart Institute 
(H-3074), National Institutes of Health. 


t On leave of absence from the Abbassia Faculty of Medicine, 
Abbassia, Cairo, Egypt. 


was incubated with an aliquot of the enzyme preparation (0.1 
to 1.0 ml.) in a total volume of 3 ml. of 0.1 m borate buffer, pH 
8.3. The reaction mixture contained 5 X 10-?m EDTA, 1.3 x 
10-4 m 2,3-dimercaptopropanol, and 5 « 10-5 m pyridoxal phos- 
phate. The volume of the alkali used to open the thiolactone 
ring was adjusted so as to maintain the reaction mixture at pH 
8.3. Incubations were run for 30 minutes in 10-ml. Erlenmeyer 
flasks under nitrogen in a Dubnoff metabolic shaking incubator 
at 37°. At the end of the incubation period, 3 ml. of 20 per 
cent trichloroacetic acid were added and the protein precipitate 
was removed by centrifugation. Suitable aliquots of the clear 
supernatant fluid were then assayed in duplicate for both serine 
and pyruvic acid. | 

Two kinds of controls were necessary to determine the quantity 
of serine which was converted to cystathionine. In control A, 
run simultaneously with the enzyme assay, serine was not added 
until the end of the incubation, followed immediately by tri- 
chloroacetic acid. The difference in absorbancy between the 
test and control solutions represents the decrease of serine in the 
reaction. Control B was conducted in precisely the same man- 
ner as the enzyme test, except that the enzyme preparation was 
added after the incubation, followed by trichloroacetic acid. 
The difference between the reading of control A and control B 
represents the quantity of serine which may be transformed non- 
enzymically. Subtraction of this value from the total decrease 
of serine gives the amount of this amino acid which had reacted 
enzymically. The serine value equivalent to the pyruvic acid 
formed during the incubation represents the amount of this 
amino acid converted by deamination. This value subtracted 
from the total enzymic decrease in serine gives a quantity which 
represents the amount converted to cystathionine. 

Serine Deaminase Activity—The assay method for serine 
deaminase activity was carried out in exactly the same way as 
described for cystathionine synthetase, except that homocysteine 
was omitted from the incubation mixture. After incubation, the 
deproteinized samples were appropriately diluted and analyzed 
for pyruvic acid. Controls which differed from the enzyme tests 
only in that serine was added after incubation were run with each 
assay. 

A unit of enzyme activity is defined as that amount of enzyme 
which converts 1 umole of serine to cystathionine or which de- 
composes 1 umole of serine to pyruvic acid per hour under the 
above conditions. The specific activity of the enzyme is ex- 
pressed as the number of enzyme units per mg. of protein. 


1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; Tris, tris(hydroxymethyl)aminomethane. 
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Purification of Enzyme 


Preparation of Crude Homogenate—Twenty adult rats of the 
Long-Evans strain were killed by decapitation, the livers were 
excised and immediately washed with cold water to remove blood 
and to chill the tissue. The liver was then homogenized in a 
Waring Blendor for 3 minutes at half speed at 4° with 700 ml. of 
1.2 per cent potassium chloride, containing 5 xX 10-* mM EDTA.? 
The crude extract was centrifuged for 30 minutes at 4,000 x g, 
and the sediment discarded without washing. The subsequent 
fractionation was carried out at approximately 0° unless specified 
otherwise. 

Ammonium Sulfate Fractionation—The extract was brought to 
30 per cent saturation with ammonium sulfate by the slow addi- 
tion of the required amount of solid salt (5, 6) with constant 
mechanical stirring. The mixture was maintained at pH 7 by 
the addition of a few drops of dilute ammonium hydroxide. 
After allowing the mixture to equilibrate for 3 hours, the pre- 
cipitate was centrifuged at 13,000 x g and discarded without 
washing. 

The supernatant solution was adjusted to half saturation with 
ammonium sulfate by the addition of solid salt in the same 
manner. After standing for 4 hours, the precipitate was col- 
lected by centrifugation and dissolved in 150 ml. of 0.1 M po- 
tassium phosphate buffer, pH 7.5. The resulting slightly turbid 
solution was dialyzed for 10 hours against 0.1 mM potassium phos- 
phate buffer and centrifuged at 13,000 x g to remove a small 
amount of precipitate that had formed. 

Calcium Phosphate Gel Treatment—To the clear solution, 15 
gm. of calcium phosphate gel (based on dry weight) were added, 
and the mixture was stirred mechanically for 30 minutes at 4° 
and centrifuged at 8,000 x g. 

Second Ammonium Sulfate Treatment—The clear yellowish 
supernatant solution from the preceding step was brought to 50 
per cent saturation of ammonium sulfate by the addition of 
solid salt with mechanical stirring, the pH being adjusted to 7.2 
with ammonium hydroxide. The mixture was allowed to stand 
in the cold for about 4 hours and then centrifuged at 8,000 x g. 
The resulting precipitate was dissolved in 25 ml. of 0.1 mM potas- 
sium phosphate buffer, pH 7.5, and dialyzed for 6 hours. The 
small precipitate that appeared was removed by centrifugation 
at 13,000 x g. 

Controlled Heat Treatment—The clear supernatant fluid was 
divided into two flasks, and each was heated with agitation in a 
water bath kept at 60°. The temperature of the enzyme prepara- 
tion reached 60° in one minute, and heating was continued for 
an additional 3 minutes. The flasks were then transferred to an 
ice-water bath and shaken to cool the contents quickly to about 
4°. The coagulated proteins were then removed by centrifuga- 


tion at 13,000 x g. 


Third Ammonium Sulfate Treatment—The fluid was half satu- 


rated with ammonium sulfate, and the pH adjusted to 7.2 by the 
addition of ammonium hydroxide. After standing for 4 hours, 
the mixture was centrifuged at 8,000 x g. The resulting pre- 
cipitate was either stored at —20° or taken up in about 3 volumes 
of cold 0.1 m potassium phosphate buffer. The purification and 
yields achieved in the different stages of the preparation are 
shown in Table I. 


? All buffer solutions used in the enzyme purification contained 
5X EDTA. 
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TABLE I 


Summary of purification of cystathionine synthetase and serine 
dehydrase activities from rat livers 


Cystathionine Serine 
synthetase dehydrase 
Total — Total — 
Yield activity Yield 
sands sands 
% % 
Crude homogenate........ 60 1.55) 100 |167 4.3 | 100 
First dialyzed 30 to 50 per 
cent (NH,)2SO,fraction.! 51.8 | 7.0) 86 |147.2! 19.8) 88 
Calcium phosphate gel 
supernatant fluid....... 34.4 19.4 | 57 | 91.6 | 51.6 55 
Second dialyzed (NH,4)2SO, 
fraction...............| 31.6 | 20.4 | 53 | 82.4 | 57.2| 49 
Heated fraction...........| 20.6 | 37.2} 34/|60 108.8 | 35 
Third dialyzed (NH,4)2S0O, 
14.4 51.2 | 24 40.8 1150.8 | 24 
@ 
£ 
= 
5Or 
=] 
O 0.05 0.1 0.15 0.2 


Amount of Enzyme 
(mi. of solution) 


Fic. 1. Rate of formation of cystathionine (calculated as serine) 
with varying enzyme concentration. 


Properties of Purified Enzyme 


Effect of Enzyme Concentration—It was established that the 
rate of the reaction was linearly proportional to the enzyme con- 
centration under the conditions for the enzyme assay (Fig. 1). 

pH Optimum—The effect of pH on the activity of cystathionine 
synthetase is shown in Fig. 2. Optimal activity in borate buffer 
is exhibited at pH 8.3, with a sharp drop in activity on the acid 
side of the optimum. 


Effect of Substrate Concentration 


Michaelis Constants—The reaction rates for the formation of 
cystathionine were determined at constant homocysteine and 
increasing serine concentrations and at constant serine and in- 
creasing homocysteine concentrations, with results that are plot- 
ted in Figs. 3 and 4. From the double reciprocal plots, the K,, 
values were calculated of 8.4 x 10-? m for L-serine and 2.6 x 
for t-homocysteine (derived from the pu isomer). 

Test of Stoichiometry of Reaction—t-Serine, 0.2 mmole, and 
pL-homocysteine, 0.25 mmole, were incubated with an aliquot of 
the enzyme preparation as described in the method of assay. 
Precautions were taken to insure complete elimination of oxygen 
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Fic. 3. Velocity-substrate concentration curves and double re- 
ciprocal plot of serine for cystathionine synthesis activity. 


both during the addition of reagents and during incubation. 
The disappearance of serine and of homocysteine was determined 
in both the test and control solutions (with homocysteine added 
after incubation), the latter by the nitroprusside method of 
Grunert and Philip (7). The result showed that 47 ymoles of 
serine and 49 ywmoles of homocysteine disappeared from the re- 
action mixture to form cystathionine. 

Stability of Enzyme—The thick paste obtained by precipitation 
of the enzyme with ammonium sulfate can be stored at —20° for 
several months without appreciable loss of activity. The en- 
zyme can be dialyzed against neutral 0.1 mM potassium phosphate 
buffer (containing 5 X 10-?m EDTA and 5 X 10-5 Mm pyridoxal 
phosphate) for 12 to 15 hours, and against 0.02 m neutral po- 
tassium phosphate buffer for shorter periods (4 hours) with 
practically no loss of activity. However, dialysis for longer 


Cystathionine Synthesis and Serine Deamination 


Vol. 234, No. 6 


= 
oO. 
© 
oO 
WY) 
42 
O l 
20 60 80 


Fic. 4. Velocity-substrate concentration curve and double re- 
ciprocal plot of homocysteine for cystathionine synthesis activity, 


TABLE II 
Effect of activators and inhibitors on cystathionine synthetase 


Incubation performed as described in the method of assay. 
Components and concentrations of the incubation were 0.1 ml. of 
enzyme preparation (1.5 mg. of protein); dimercaptopropanol, 
1.3 X 10-4 mercaptoethanol, 1.3 X 10-4 M; adenylic acid, 3.3 X 
10-° m; KCN, 7 X 10-3 M; cysteine, 4.2 X 10-2 m; MgSO,, 3.3 x 
10-* mM; GSH, 3.3 XK 1073 


Compound added ees yoo Activity 
pmoles serine 

None 29.0 
None + _ 39.2 
None _ + 34.4 
None + + 38.3 
Mercaptoethanol 34.0 
Mercaptoethanol + 36.8 
Adenylic acid + + 38.1 
CN- + + 21.3 
Cysteine + + 25.6 

ISH + + 36.4 
Mgt* + 37.2 


periods, or use of phosphate buffer of ionic strength lower than | 


0.02 mM causes an appreciable loss of enzyme activity. 
Actwation and Inhibition of Enzyme—The stimulating or in- 


hibitory effects of a variety of substances on the activity of | 


cystathionine synthetase are shown in Table II. The addition of 
pyridoxal phosphate to the assay mixtures increases the activity 
of the enzyme. 
duced an increase in cystathionine formation both in the presence 
and absence of pyridoxal phosphate. The presence of adenylic 
acid had no effect on the enzyme activity. The enzyme is 
markedly inhibited by cyanide and cysteine. GSH and Mg*+ 
had virtually no effect. 


Pyridoxal Phosphate Coenzyme of Cystathionine Synthetase— } 
The activity of the enzyme is enhanced by the addition of } 


pyridoxal phosphate to the assay mixture. This observation, 


Dimercaptopropanol and mercaptoethanol pro- | 
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together with the finding that KCN exhibits a considerable in- 
hibitory effect, suggested that pyridoxal phosphate might serve 
gs a coenzyme for this enzyme. To investigate this problem, 
the enzyme was resolved into its coenzyme and the inactive 
apoenzyme by the dialysis procedure against Tris buffer of Matsuo 
and Greenberg (8). 

Resolution of Cystathionine Synthetase—A portion of the frozen 
thick paste of the enzyme in ammonium sulfate was dissolved 
in 2 volumes of 0.1 M potassium phosphate buffer at pH 7.5, and 
4ml. of the resulting clear, deeply yellowish solution (protein, 
27 mg. per ml., specific activity 53 after dialysis in 0.1 m potas- 
sium phosphate buffer for 8 hours) were dialyzed for 60 hours 
against 400 ml. portions of 0.2 m Tris buffer, pH 8, containing 
10? m EDTA and 3 X 10-* Mm mercaptoethanol, the buffer solu- 
tion being changed every 12 hours. The first portion of the 
dialysate was colored distinctly yellow. At the end of the 
dialysis, the enzyme solution had a pale yellow color and was 
turbid, owing to the presence of a small amount of denatured 
protein. It was further dialyzed against 0.1 mM potassium phos- 
phate buffer, pH 7.5, containing 10°? m EDTA and 10% m 
mercaptoethanol for 8 hours, with one change of buffer solution. 
The enzyme solution was then centrifuged to remove the insoluble 
matter, and the supernatant fluid was stored in ice. Aliquots 
were taken for determination of enzyme activity, with the 
omission of pyridoxal phosphate from the usual incubation mix- 
ture. To another portion of the dialyzed enzyme, pyridoxal 
phosphate was added at a concentration of 10-* M, and the solu- 
tion was allowed to stand for 1 hour at 4°. A second experiment 
was run simultaneously with a 2-ml. aliquot of the enzyme 
preparation treated as above, except that both the Tris and 
phosphate buffers contained 5 xX 10-° m pyridoxal phosphate. 
The results in Table III show that dialysis against Tris buffer in 
the presence of pyridoxal phosphate caused a decrease in the 
specific activity of the cystathionine synthetase enzyme from 53 
to36.2. Such a decrease is consonant with previous observations 
that the enzyme loses activity upon prolonged dialysis in dilute 
buffer solutions. On the other hand, the enzyme dialyzed 
against Tris buffer in the absence of pyridoxal phosphate showed 
amuch greater decrease in specific activity to 11.3. This value 
was increased to 34 on treatment of the dialyzed enzyme with 
pyridoxal phosphate. The results indicate that about 67 per 
cent of the enzyme was resolved into inactive apoenzyme and 
pyridoxal phosphate, and that the subsequent reconstitution of 
the enzyme by combining the two components resulted in prac- 
tically complete restoration of the activity. Because of the 
instability of the enzyme to prolonged dialysis periods, no at- 
tempts were made to achieve a more complete resolution by 
prolonging the dialysis time. 

The result of the above experiment clearly suggests that 
_ pyridoxal phosphate is the coenzyme of cystathionine synthetase. 
Substrate Specificity—The enzyme preparation was found to be 
specific for L-serine and L-homocysteine as substrates for the 
catalytic synthesis of cystathionine. The pD isomers of these 
amino acids were not attacked by the enzyme. 

No keto acid was produced by incubation of the enzyme 
preparation with L-cystathionine, t-homocysteine, or L-cysteine, 
indicating the complete absence of cystathionase and of L- 
homocysteine and L-cysteine desulfhydrases from the enzyme 
preparation. 

Activity toward 1-Serine—The enzyme preparation was found 
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TaBLeE III 
Removal of coenzyme and reactivation by pyridoxal phosphate 


Dialysis in Dialysis in 
Unresolved | buffer Tris buffer 
enzyme | Presence | in absence |), | Resolution 
of pyridoxal | of pyridoxal |? P¥ ane 

| phosphate | phosphate pacspaate 

| pmoles of serine converted to cystathionine % 
Specific {| 583 67 

activity | | | 
TaBLe IV 


Influence of varying the concentrations of Dt-homocysteine on serine 
dehydrase and cystathionine synthetase 
Enzyme protein, 1.5 mg., was incubated with 200 umoles of 
L-serine as described in the method of assay. Serine deaminase 
activity is expressed as umoles of serine converted to pyruvic acid 
per hour. 


pDL-homocysteine added Serine dehydrase activity Cy 
pmoles pmoles serine pmoles serine 
230 

79 58 43.2 
100 40 53.6 
150 20 64.7 
200 12 75.3 
250 6 $2.5 


to act on L-serine to produce pyruvic acid* and ammonia. This 
activity was not only maintained, but it increased considerably 
as purification proceeded. It appeared at first that the serine 
deaminase activity of the various preparations was quite low 
when compared with that of cystathionine synthetase. How- 
ever, this depression of activity occurred because the deaminating 
reaction was carried out in the presence of homocysteine, which, 
it was later discovered, exhibits a strong inhibitory effect on 
serine deaminase activity. Upon assaying for deamination in 
the absence of homocysteine, it was found that the various en- 
zyme preparations possessed very high activity toward L-serine; 
in fact, this activity was always higher than that for cystathionine 
synthesis. Table IV demonstrates the marked effect of homo- 
cysteine on reducing serine deaminase activity. It is noteworthy 
that the addition of 125 uwmoles of t-homocysteine (250 umoles of 
pDL-homocysteine) to the assay mixtures resulted in diminishing 
the amount of serine decomposed from 230 to 6 umoles. 

From Table IV, it is obvious that inhibition of serine deaminase 
activity by homocysteine is accompanied by a corresponding 
increase in the synthetic activity of the enzyme preparation. 
This finding suggested either that, (a) the serine deaminase and 
cystathionine synthetase activities are exhibited by two separate 
enzymes, and that homocysteine acts as an inhibitor of one and 
as a substrate for the second, or (6) that the two reactions are 
catalyzed by a single enzyme,‘ and that the presence or absence 
of homocysteine determines which reaction takes place. 

To investigate these possibilities, the ratio of the two activities 


3 Tdentity of pyruvic acid was proved by the melting point of 
the pyruvyl-2,4-dinitrophenylhydrazone (218-219°, uncorrected). 
No lowering of this value followed after mixture with an authentic 
sample of pyruvyl-2,4-dinitrophenylhydrazone. 

‘ This was suspected by the late Dr. Yoshihiko Matsuo. 
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TABLE V 


Ratio of activities of serine dehydrase and cystathionine synthetase 
during purification 


Activity ratio: serine dehy- 


Fraction drase/cystathionine 
synthetase 
2.78 
First dialyzed 30 to 50 per cent (NH,4)2SO, 

Calcium phosphate gel supernatant fluid. . 2.66 
Second dialyzed 50 per cent (NH4)2SO, frac- 

Third dialyzed 50 per cent (NH4)2SO, frac- 


TABLE VI 
Effect of heat on ratio of deamination and synthesis activities 

50.8 18.2 2.79 
....:.. 78.2 28.2 2.77 
6 min. at 50°....... 87.8 31.2 2.81 
4 min. at 60°...._.. 142.8 51.8 | 2.76 
7 min. at 60°....... 45.6 16.6 2.74 
12 min. at 60°...... 10.4 3.72 2.8 


was determined at each stage of the purification procedure. 
Table I summarizes the results of the analysis of the activities 
in the course of purification, and Table V shows that the ratio 
of serine deaminase activity to that of cystathionine synthetase 
remained essentially constant throughout the various steps of 
purification. Furthermore, it was found that the ratio of the 
two activities did not vary from one enzyme preparation to 
another. 

The results presented above indicate that both the deamina- 
tion of serine and the synthesis of cystathionine are catalyzed by 
a single enzyme. Other supporting evidence was obtained from 
the results of an experiment which was originally performed to 
study the stability of the enzyme to heat as a possible means for 
achieving greater purification. The data given in Table VI 
demonstrate that the two activities exhibited a similar behavior 
when heated, and, in particular, that the rate of destruction by 
heating was the same for both enzyme activities. 

In addition to the above observations, it was found that, as in 
the case of cystathionine synthetase, serine deaminase also re- 
quires pyridoxal phosphate for maximal activity, and that 
cyanide has a strong inhibitory effect on the reaction. More- 
over, in an experiment in which the enzyme preparation was 
dialyzed for two days against Tris buffer in exactly the same 
way as described above, there was a loss of enzyme activities of 
65 and 64 per cent for cystathionine synthetase and serine de- 
hydrase, respectively. Furthermore, the ratio of the two ac- 
tivities exhibited by both the resolved and reactivated prepara- 
tions remained unaltered from that obtained before resolution. 

Characteristics of Serine Deaminase Reaction—Measurements 
of the reaction rates with increasing serine concentrations are 
plotted in Fig. 5. The K,, for the reaction was calculated to be 
8.1 x 10-? m, which is essentially the same value as that for the 
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ciprocal plot of serine for serine deaminase activity. 
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Fic. 6. pH-activity curve of serine deaminase 


synthetic reaction. 


This finding is further support for the con- | 


cept that both serine deaminase and synthetase activities reside 


on a single enzyme protein. 


The pH-activity curve (Fig. 6) for serine deamination coincides | 


closely with that for cystathionine synthesis, with the same pH 


optimum value at about pH 8.3. 


action, while cysteine causes a strong inhibition. 


DISCUSSION 


The enzyme described here synthesizes cystathionine from] 
serine and homocysteine and deaminates serine. 


Investigation of the effect oi} 
Mg++, GSH, and adenylic acid showed that these substance} 
produce a very slight activation of the serine deamination re} 
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catalytic function, the enzyme resembles the crystalline cysta- 
thionase-homoserine deaminase of Matsuo and Greenberg (9). 

The evidence that both enzyme activities are the properties of 
4 single protein is as follows: (a) The ratio of the two enzymic 
activities remained constant throughout the different steps of 
the purification procedure, and was practically unchanged from 
one preparation to another. (6b) Partial heat denaturation pro- 
duced the same decrease in both enzyme activities. (c) The 
pH-activity curve apparently is the same for both functions. 
(d) The K,, value for serine is the same for cystathionine syn- 
thesis and for serine deamination. 

In confirmation of previous findings (10), cystathionine syn- 
thetase was found to require pyridoxal phosphate for maximal 
activity. Cyanide strongly inhibits the enzyme, a further indi- 
eation that the synthetic reaction is dependent on pyridoxal 
phosphate. Dialysis of the enzyme preparation against Tris 
buffer resulted in a 67 per cent decrease in the enzyme activity. 
The activity was completely restored (except for the portion of 
the enzyme denatured in the dialysis) by the addition of pyridoxal 
phosphate. In another experiment, a parallel loss of activity 
was found for serine deamination and cystathionine synthesis on 
dialysis against Tris buffer. Both activities were restored by 
the addition of pyridoxal phosphate. 

These results make it evident that the enzyme contains bound 
pyridoxal phosphate, which also functions as the coenzyme for 
both of its enzyme activities. 

The enzymic deamination was strongly inhibited by homo- 
evsteine, the degree of inhibition being proportional to the 
amount of homocysteine added (Table VI). This behavior is 
consonant with the view that both cystathionine synthesis and 
serine deamination are catalyzed by a single enzyme. 

The purified enzyme preparation was found to be free from 


eystathionase and homocysteine and cysteine desulfhydrases. 
_ The purification procedure achieved very high enzyme activities. 
- The t-serine deaminase reached a specific activity of 150 units 
per mg. of protein. 
specific activity value of 0.97 previously reported (3). 


This is to be compared with the highest 
Part of 
the disparity probably results from the fact that the optimal 
conditions of pH and serine concentration, and the freedom from 


sulfhydryl amino acids required to secure maximal enzyme ac- 


tivity were not understood and utilized in the previous work. 
The mechanism of cystathionine synthesis and serine deamina- 
tion, and the role of pyridoxal phosphate in “activating” these 
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amino acids has been clarified by the experiments with model 
compounds of Metzler and Snell (11). This is the subject of a 
recent review by Snell (12). 

The reaction between serine and pyridoxal phosphate yields 
an aldimine derivative, containing a conjugated system of double 
bonds, which is stabilized through hydrogen bonding or chelation 
involving the free phenolic group and, most important, results 
in a planar configuration of the structure which favors the with- 
drawal of electrons from the a-carbon atom toward the hetero- 
cyclic nitrogen atom of the pyridoxal. Since serine also contains 
an electron attracting group (OH) on the 8-carbon atom, this 
permits the extra electron pair of the aldimine intermediate to 
be liberated as an anion, resulting in a double bond between the 
a and 8 carbons. The complex can dissociate to give a-amino- 
acrylic acid, which reacts spontaneously with water to form 
pyruvic acid and ammonia. This is the serine deaminase reac- 
tion. However, in the presence of homocysteine, an addition 
reaction takes place on the double bond with the sulfhydryl 
group, thereby synthesizing cystathionine which is dissociated 
from its bonding with the pyridoxal phosphate of the enzyme. 
The reaction scheme is represented structurally in the diagram 
below (Diagram 1). Cysteine also can protect the double bond, 
as shown by its inhibition of the deamination reaction, although 
it does not form any appreciable amount of synthetic product. 
The configuration of the enzyme protein determines the speci- 
ficity for serine and also for homocysteine. This is shown by 
the observations that only serine is deaminated and only homo- 
cysteine reacts synthetically with this enzyme. A parallel en- 
zyme reaction is found in the synthesis of tryptophan (13). 


SUMMARY 


1. An enzyme from rat liver which catalyzes both the deamina- 
tion of L-serine and the synthesis of cystathionine has been 
purified about 35-fold. : 

2. Evidence has been presented to indicate that both the serine 
deaminase and cystathionine synthetase activities are exhibited 
by a single enzyme. 

3. The enzyme has been shown to contain pyridoxal phosphate, 
which is required as a coenzyme for both activities. 

4. Certain physico-chemical properties of the enzyme have 
been determined and are reported. 


+ 


Pyruvic acid + NH, 
+ Pyridoxa!l phosphate 


DIAGRAM 1 
Mechanism of serine deamination and cystathionine synthesis 
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The Enzymatic Reduction of Hydroxyguanidine* 
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This laboratory first became interested in hydroxyguanidine 
as a result of our studies on the mechanism of action of trans- 
amidination enzymes. We have found that transamidinases 
from Streptomyces griseus (2), mammalian pancreas (3) and kid- 
ney (4), and chicken and frog liver (5) can catalyze a transfer of 
the terminal formamidine group of arginine to hydroxylamine, 
with the formation of hydroxyguanidine. 


NH 
Arginine + NH.2OH — ornithine + H:N—C—NH—OH 


In addition, arginine-glycine transamidinase can catalyze the 
synthesis of hydroxyguanidine from guanidinoacetate and hy- 
droxylamine (3). 

Early in our investigations, a search of the literature revealed 
that practically nothing was known of the chemical or biological 
properties of hydroxyguanidine. Consequently a chemical syn- 
thesis of hydroxyguanidine sulfate was developed (3), and an in- 
vestigation of the biological activity of this compound was under- 
taken. 

It was found that after hydroxyguanidine sulfate was injected 
intraperitoneally into rats, its reduction product, guanidine, ap- 
peared in the urine. Later it was discovered that Escherichia coli 
B, while growing on a glucose-salts synthetic medium, converted 
added hydroxyguanidine to guanidine. 


NH NH 
H:.N—C—NH—OH + 2H — H:N-——-C—NH: + H:0 


In this paper certain of our studies on hydroxyguanidine reduc- 
tion will be reported, and a simple assay in vitro for the responsi- 
ble enzyme will be described. 


EXPERIMENTAL 


Synthesis of Hydroxyguanidine Sulfate—The synthesis was 
carried out in a hood, since methyl mercaptan is a product of the 
reaction. Ba(OH).-8H.O, 119 gm., was dissolved in 450 ml. 
of boiling water in a 1-l. Erlenmeyer flask. The solution was 
chilled in an ice bath, and 61.5 gm. of NH2OH - }H.SO,, suspended 
in 50 ml. of water, were rapidly added, with stirring. Next, 
70 gm. of S-methylisothiouronium sulfate were added, and the 
contents were stirred to dissolve the crystals. After reacting for 
24hours, the reaction mixture was filtered. Acetone was slowly 
added to the filtrate, with stirring, to a total volume of approxi- 


* This investigation was supported by a Senior Research Fel- 
lowship (SF-26) of the United States Public Health Service, and 
by a research grant (RG-4898) from the Division of Research 
Grants, Public Health Service. A preliminary account of this 
work has been reported (1). 


mately 21. (Acetone was employed because it forms a complex 
with both excess hydroxylamine and residual methyl mercaptan, 
and precipitates the product.) The crystals of hydroxyguanidine 
sulfate were harvested by filtration, washed thoroughly with 
methanol and then acetone, and allowed to dry. The yield was 
35 gm. If desired, a second crop of crystals can be obtained by 
adding more acetone to the filtrate. The product can be recrys- 
tallized by adding to boiling water acidified with a drop of sulfurie 
acid and allowing to cool, or by precipitating from aqueous solu- 
tion with acetone. Hydroxyguanidine sulfate forms large, heavy 
crystals and is not hygroscopic. The salt is stable in acid solu- 
tion, but is less stable in neutral or basic solutions (pK, approxi- 
mately 8.1). 

It is of interest that after this procedure had been published 
in a more condensed form (3), Kalyankar et al. (6) submitted a 
paper in which they described the synthesis of the hygroscopic 
hydrochloride of hydroxyguanidine from cyanamide and hy- 
droxylamine hydrochloride. 

Paper Chromatography—Ascending paper chromatography was 
employed to confirm the formation of guanidine from hydroxy- 
guanidine in analyses of rat urine and studies in vitro with liver. 
The solvent used was 95 per cent methanol:5 per cent water. 
To avoid streaking of the hydroxyguanidine, the applied solutions 
should be made acid. After development, papers were sprayed 
with an alkaline ferricyanide-nitroprusside reagent (7); with this 
reagent hydroxyguanidine gives a purple spot at an R» of 0.60, 
and guanidine gives an orange spot at an Rp of 0.55. 

Enzyme Preparation—All operations were carried out at 4°. 
Frozen guinea pig livers were thawed and homogenized with 9 
volumes of water in a TenBroeck glass homogenizer. The ho- 
mogenates were combined and centrifuged for 10 minutes at 
1,200 X g in a Servall angle centrifuge, and the precipitate was 
discarded. The supernatant solution was centrifuged for 20 min- 
utes at 17,000 x g. The precipitate was resuspended in an 
amount of cold water equivalent to the original volume and cen- 
trifuged for 20 minutes at 17,000 x g. The precipitate was 
suspended in cold water to a final concentration of 2.5 mg. of 
nitrogen per ml. and stored in the frozen state. 

Enzyme Assays with Reduced Riboflavin Phosphate as Donor— 
The complete system consisted of enzyme suspension; 250 ymoles 
of potassium phosphate buffer, pH 7.4; 42 uwmoles of hydroxy- 
guanidine (as the sulfate); 16 wmoles of riboflavin phosphate, Na 
salt; 92 wmoles of Na.S.O,; and water to give a final volume of 
2.0 ml. (For reproducible results it is desirable to add the ribo- 
flavin phosphate plus Na2S.O, last. Equal volumes of freshly 
prepared double-strength solutions of riboflavin phosphate and 
Na2S.O, in 0.1 mM phosphate buffer, pH 7.4, were mixed rapidly, 
and the desired aliquot, e.g., 0.4 ml., was immediately pipetted 
into the reaction mixture containing all other components.) 
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Incubations were carried out in 13 X 100 mm. stoppered test 
tubes at 25° for 30 minutes. The tubes were agitated twice 
during this interval to keep the enzyme particles in suspension. 
Variations from this protocol are noted in the individual experi- 
ments. The reaction was stopped with 0.5 ml. of 30 per cent 
trichloroacetic acid. After 10 minutes the tubes were centri- 
fuged, and the supernatant solutions were assayed, after suitable 
dilution, for the remaining hydroxyguanidine or for guanidine. 
Assays for hydroxyguanidine were carried out with trisodium 
pentacyanoamminoferrate (Fisher Scientific, S-659) as described 
previously (2), except that a wave length of 525 mu was employed 
to minimize interference from riboflavin phosphate. Guanidine 
was assayed by a diacetyl method (8); hydroxyguanidine inter- 
feres somewhat with this assay, whereas guanidine does not inter- 
fere with the hydroxyguanidine assay. 

Experiments with E. coli—E. coli B was grown on a glucose- 
ammonium-salts basal medium, as described elsewhere (9), in 
capped test tubes containing 5 ml. of medium. Preliminary ex- 
periments had established that neither hydroxyguanidine nor 
guanidine could be utilized as a nitrogen source by this organism. 
Hydroxyguanidine sulfate was sterilized by filtration and added 
to the cooled sterile growth medium. After an incubation period 
of 21 hours at 34°, the cultures were centrifuged, and the media 
were analyzed as described above for residual hydroxyguanidine 
(at 480 my) and for guanidine. For the isolation of guanidine, 
E. coli was grown in 500 ml. of medium in a 1-1. Erlenmeyer flask 
at 34°. Hydroxyguanidine sulfate was added to a concentration 
of 1 mg. perml. After 21 hours the culture was centrifuged, and 
the supernatant solution was acidified with hydrochloric acid 
and evaporated to dryness. Guanidine hydrochloride was ex- 
tracted from the residue with methanol, and the solution was 
evaporated to dryness. The residue was taken up in a minimal 
volume of water, and a saturated solution of picric acid was 
added. The precipitated guanidine picrate was collected and 
recrystallized from water. 


RESULTS 


Metabolism of Hydroxyguanidine by Intact Rat—In these ex- 
periments 200-gm. male rats were given an intraperitoneal in- 
jection of a solution of hydroxyguanidine sulfate (50 mg. in 2 
ml. of water), and the urine was collected for analysis by paper 
chromatography. It was found that, after a small transient 
excretion of the administered compound had occurred, a new 
compound appeared in the urine. Excretion of this new com- 
pound, identified as guanidine, reached a plateau approximately 


TABLE I 
Reduction of hydroxyguanidine by reduced riboflavin phosphate in 
presence of guinea pig liver preparation 
The enzyme concentration was equivalent to 0.75 mg. of nitro- 
gen per tube. Other conditions as in text. 


Reaction mixture H 
pumoles pmoles 

42 41 
Complete system — enzyme.......... 0 
Complete system — riboflavin phos- 

Complete system — NaS.0, 0 
Complete system, enzyme heated 5 
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an hour after hydroxyguanidine injection. These results sug. 
gested that a precursor-product relationship existed between the 
two compounds. 

Preliminary Experiments in vitro—Attempts were next made 
to obtain an in vitro system for hydroxyguanidine reduction, 
Preliminary experiments revealed that homogenates of rat or 
guinea pig liver catalyzed the disappearance of hydroxyguani- 
dine, coupled with the appearance of guanidine. This reaction 
was markedly stimulated by the addition of DPN plus riboflavin 
phosphate, and was inhibited by cyanide. Endogenous DPN. 
reducing substrates did not appear to be limiting (the animals 
were not starved before sacrifice); succinate apparently could 
not act as a donor in the reaction. 


might be simplified by employing chemically reduced riboflavin 
phosphate as the electron donor, and this was found to be the 
case. 

Enzymatic Reduction with Reduced Riboflavin Phosphate— 
Reduced riboflavin phosphate, formed by reduction of riboflavin 


phosphate with dithionite, was found to be an excellent donor for | 


the enzymatic reduction of hydroxyguanidine. The reaction 
can be followed by measuring (a) the increase in guanidine, 
or more conveniently (6) the decrease in hydroxyguanidine 
concentration. Employing the latter assay, hydroxyguanidine 
reductase activity was found to reside in a washed particulate 
fraction of liver. Guinea pig liver was found to have a higher 


activity than rat liver and was employed for the experiments de- © 


scribed in this paper. The enzymatic nature of the reaction and 
the requirements for the individual reaction components are 
indicated in Table I and Figs. 1 to 4. (The basal assay condi- 
tions for all experiments are described in the “Experimental” 
section.) 

From these data it is apparent that the rate of hydroxyguani- 
dine reduction is (a) proportional to the enzyme concentration 
(Fig. 1), (6) approximately linear with time (Fig. 2), and (c) 
dependent upon the concentration of riboflavin phosphate over 
the range shown in Fig. 3. Fig. 4 demonstrates that the quan- 
tity of hydroxyguanidine reduced is proportional to the amount 
of dithionite added, when the reaction is allowed to proceed to 
completion. From these experiments it may be calculated that 
the liver particulate preparation can catalyze the reduction of 
170 uwmoles of hydroxyguanidine per hour per mg. of nitrogen. 
The enzyme complex is labile to heat, and its activity is inhibited 
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Fic. 1. Rate of reduction of hydroxyguanidine by reduced ribo- 


flavin phosphate as a function of enzyme concentration. 
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Fic. 2. Reduction of hydroxyguanidine by reduced riboflavin 
phosphate as a function of time. Enzyme concentration equiva- 
lent to 0.25 mg. of nitrogen per tube. HG is hydroxyguanidine. 
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Fic. 3. Rate of reduction of hydroxyguanidine by reduced ribo- 
flavin phosphate as a function of reduced riboflavin phosphate 
concentration. Enzyme concentration equivalent to 0.4 mg. of 
nitrogen per tube. HG is hydroxyguanidine; FMNH2>, reduced 
riboflavin phosphate. 


50 per cent by 2 * 10-4 mM eyanide. Additional experiments 
have established that leucosafranine, but not leucomethylene 
blue, can serve as an electron donor in this enzymatic reaction. 
Distribution of Hydroxyguanidine Reductase Activity—Re- 
ductase activity has been observed in mammalian liver and kid- 


ney, pigeon liver acetone powder (Sigma Chemical Company), 


S. griseus acetone powder, and F. coli B. In the case of F£. colt, 
it was established that this organism, while growing on a glucose- 
ammonium-salts synthetic medium, quantitatively reduces added 
hydroxyguanidine to guanidine (Table II). Since guanidine is 
not further metabolized by this organism, it can be readily iso- 
lated as the picrate (see ““Experimental’’). 
Calculated: C 29.17, H 2.80, N 29.17 
Found: C 28.49, H 2.49, N 28.5 


DISCUSSION 


It is remarkable, considering the ease of synthesis and sta- 
bility of hydroxyguanidine, that this simple 1-carbon compound 
- has until recently escaped detailed scrutiny by chemists and 
biochemists: literature references to this compound before 1956 
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Fic. 4. Experiment showing the dependence of the quantity of 
hydroxyguanidine reduced upon the amount of dithionite added, 
when the reaction is allowed to go to completion. Knzyme con- 
centration equivalent to 0.75 mg. of nitrogen per tube; incubation 
time, 1 hour. HG is hydroxyguanidine. 


Taste Il 


Conversion of hydroxyguanidine to guanidine by growing cultures 
of Escherichia coli B 


The experimental conditions were as described in the text. 


Guanidine 


Hydroxyguanidine | 
duced formed 


reauce | 


pmoles/5 mil. 
9.8 
18.4 


pmoles,5 ml. 
12.1 
20.0 


experiment 
kxperiment 2......... 


are surprisingly rare (10, 11). However, with the introduction 
of the simple synthetic procedure described in this paper, there is 
nothing to prevent more sophisticated research on the biological 
properties of hydroxyguanidine and the pharmacologically in- 
teresting compounds which may be synthesized from it. De- 
rivatives of hydroxyguanidine are known to occur in nature; 
canavanine (12) and canavaninosuccinic acid (7) are two such 
derivatives. The O—N bond in all three of these compounds 
can be reduced by hydrogen plus palladium (7). It is of interest 
that Kihara et al. (13) have reported the reduction of canavanine 
to homoserine and guanidine by certain bacteria, as well as the 
hydrolysis of canavanine to homoserine and hydroxyguanidine 
by a soil pseudomonad (6). 

Speculations on the nature and the physiological substrates 
of the enzyme exhibiting hvdroxyvguanidine reductase activity 
must await further purification; such studies are in progress. 


SUMMARY 


1. Rats have been found to convert injected hydroxyguanidine 
to guanidine. Studies in vitro have shown that hydroxyguani- 
dine reductase activity occurs in a washed particulate fraction of 
guinea pig liver. An assay for this enzyme has been devised 
which utilizes reduced riboflavin phosphate as the electron donor. 
Under the experimental conditions employed, the enzyme prep- 
aration catalyzes the reduction of 170 uwmoles of hydroxyguani- 
dine per hour per mg. of nitrogen. The énzyme is heat labile 
and is inhibited by cyanide. 

2. Growing cultures of Escherichia coli B convert added hy- 
droxyguanidine to guanidine. (Guanidine has been isolated from 
the medium and identified as the picrate. Hydroxyguanidine 
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reductase activity has also been found in mammalian kidney, 3. A rapid and convenient synthesis of hydroxyguanidine 


pigeon liver, and Streptomyces griseus. sulfate is described. 
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Metabolism of 2,6-Diaminopurine: S-Adenosylmethionine as 
Methyl Donor for 2-Methylamino-6-aminopurine Synthesis 
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Previous studies (1, 2) have demonstrated that resting cell 
suspensions of Escherichia colt B not only incorporate 2,6- 
diaminopurine into 5’-nucleotides but also metabolize it to 2- 
methylamino-6-aminopurine, which is then converted to 5’- 
phosphoribosyl-2-methylamino-6-aminopurine. 


For methyldiaminopurine synthesis, crude, cell-free extracts of | 


E. coli B require methionine,! ATP, Mg++, and diaminopurine; 
the methyl carbon of L-methionine is transferred to diamino- 
purine. The requirements of the system suggested that methio- 


nine functions as a precursor for S-adenosylmethionine which 


supplies the methyl group by transmethylation by the inter- 
action of a specific N-methylpherase. Enzymatic activation of 
methionine by a Mg*+- and ATP-dependent conversion to 


_adenosylmethionine has been clearly established by Cantoni (3) 
as a prerequisite for the transfer of the methyl group of methio- 
nine to specific methyl acceptors. The two reactions are as 


follows: 


Mg** 
enzyme | 


Methionine + ATP 


S-adenosylmethionine + PP +P; (1) 


enzyme II 


2-methylamino-6-aminopurine + S-adenosylhomocysteine (2) 


The methyl group of methionine has been implicated in the 


| synthesis of a variety of nonpurine, methylated compounds in 
_ which the acceptor atom of the methyl group may be oxygen 


(4-8), nitrogen (7, 9-16), sulfur (17), or carbon (18,19). Several 
of these reactions have been shown to involve adenosylmethio- 
nine as the true methyl donor (5, 12-14, 17, 19). A considerable 


number of naturally occurring methylated purines have been 
studied recently: 2-methoxyadenine (20), 6-methylaminopurine 


(21), 6-dimethylaminopurine (22), 2-methyladenine (23), 2- 
methvlamino-6-hydroxypurine (24), 8-hydroxy-7-methylguanine 


(25), 1-methylguanine (26), and 1-methylhypoxanthine (26). 
To date the origin of the methyl group of these purines has not 


been determined. For this reason, the origin of the N-methyl 
group of methyldiaminopurine, although not a naturally occur- 


‘The various purine, pyrimidine, and amino acid derivatives 
were obtained from the California Foundation for Biochemical 
Research, Nutritional Biochemicals Corporation, and Mann Re- 
search Laboratories. Isotopes Specialties Company, Inc., fur- 


hished the 2,6-diaminopurine-8-C" and the L-methionine-methyl- 
_ C The Pabst Brewing Company supplied the ATP. 


ring purine, is of interest, since its pathway of synthesis may 
serve as a model for the study of the naturally occurring methyl- 
ated purines. 

Crude extracts of several microorganisms were found to syn- 
thesize adenosylmethionine and to catalyze the transfer of the 
labile methyl group specifically to the 2-amino group of several 
purines. These findings reveal a previously unrecognized func- 
tion of this methyl donor, the V-methylation of purines. The 
transmethylation reaction is inhibited by a variety of purines 
and by S-methylmethionine. A preliminary summary of this 
work has been reported (27). 


EXPERIMENTAL 


Methyldiaminopurine—Many of the methods and techniques 
involving its synthesis, isolation, and identification have been 
described earlier (1). 

Enzyme Preparations—For large scale cultures of E. coli B, 
6 1. of medium containing 7.5 gm. of KzZHPO,, 3.0 gm. of KH:PO,, 
1.0 gm. of NH4NOs, 0.1 gm. of MgSO,-7H.O, 2.0 gm. of yeast 
extract, and 2 gm. of glucose per |. were vigorously aerated for 
15 to 17 hours at room temperature. For smaller incubations, 
400 to 500 ml. of glucose-salts medium of Spizizen et al. (1) or 
trypticase soy broth were shaken in 1-l. flasks at 38°. The 
harvested cells were washed with Tris,? phosphate buffer, or 0.9 
per cent NaCl. To prepare acetone powders, the washed cells 
were suspended in water and extracted two times with 6 to 10 
volumes of acetone (—20°) with vigorous stirring. The powder 
was air dried and stored at —20°. Cell-free enzyme preparations 
were prepared as follows. (1) Washed cells were ground with 
alumina for 15 minutes and extracted with 0.01 m Tris (pH 7.4); 
(Il) acetone powder was extracted with 10 volumes (volume per 
weight) of 0.01 m Tris (pH 7.4) for 1.5 hours at 4°; (III) sonic 
extracts were prepared by treating 20 per cent suspensions (wet 
weight) in 0.02 m Tris (pH 8.0) for 30 to 45 minutes at full power 
in a Raytheon 9 kc. magnetostriction oscillator. 

Assay for Methylpurines—The indirect assay for the synthesis 
of methylpurines involved the measurement of the incorpora- 
tion of the C'*-labeled methyl group of the methyl donor into the 
insoluble silver purine fraction in response to the presence of a 
purine. The purine was incubated with either L-methionine- 
methyl-C™ (15,000 ¢.p.m. per wmole) or adenosylmethionine- 
methyl-C™ (6,000 ¢.p.m. per umole) in a final volume of 1.5 ml. 
After the incubation, the vessel was placed in boiling H,O for 


2 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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4 minutes, cooled, and 3.0 ml. of 1.5 nN HCl added. Denatured 
protein was removed by centrifugation and 4 ml. of the superna- 
tant fluid were hydrolyzed for 1 hour at 100°. The purines were 
precipitated by the addition of 1.8 ml. of 75 per cent AgNO; and 
5 ml. of concentrated NH;. After standing overnight at room 
temperature, the silver purines were washed two times with H,O 
and the purines regenerated by extraction with 1 or 2 ml. of 0.3 
n HCl for 4 minutes at 100°. After centrifugation, 150 yl. of 
the supernatant fluid were plated and counted in a SC-16 window- 
less flow counter (Tracerlab, Inc.). 

Sufficient labeled methionine is coprecipitated with the purines 
to necessitate the use of a control vessel incubated in the absence 
of the purine substrate; no such control is necessary when 
adenosylmethionine is employed. For this reason, the assay 
utilizing adenosylmethionine is the more reliable and accurate 
to employ. If the purines are precipitated with silver without 
prior hydrolysis, the recovery of C™ is considerably lower. Car- 
rier purine (adenine or diaminopurine) is added to insure com- 
plete precipitation of purines when dilute enzymes or very low 
levels of purine substrates are used. When diaminopurine was 
the purine substrate, ion exchange chromatography (Dowex 
50-H*+) (28) of the purines present in the final HCl extract 


TABLE I 
Requirements for methyldiaminopurine synthesis 


Preincubation* Incubation 
Components Time Components | Time | 
min. min | pmole 
Completet 60 0.064 
Completet 120 0.125 
Completet 180 0.191 
Complete less DAPT 180. 0.00 
Complete less Mg** 180 0.00 
Complete less ATP 0.016 
Complete less Metht 180 | 0.020 
Complete + NaF 180 0.230 
Complete + EDTAT 180 
ATP + Meth + Mg** 60 | DAP + EDTA 120) :0.140 
Same + EDTA 60 DAP 120 0.00 
ATP + Meth 60 | DAP + Mg** 120 0.128 
ATP + Meth 60 | DAP + Mg** + | 120 | 0.00 
EDTA | | 
ATP + Meth + Mg** | 60 | DAP + EDTA 30 0.085 
ATP + Meth + Mg** | 60 | DAP + EDTA 120 0.131 
ATP + Meth + Mg** | 10 | DAP + EDTA 120 | 0.113 


* Preincubations were carried out with enzyme, Tris buffer, and 
indicated additions. After indicated time, samples were chilled, 
additions made, and further incubated. 

+ The abbreviations used are MeDAP, methyldiaminopurine; 
DAP, diaminopurine; Meth, methionine; EDTA, ethylenedi- 
aminetetraacetate; AMe, S-adenosylmethionine; 5’-MeSAd, 5’- 
methylthioadenosine; S-MM, S-methyl-.t-methionine. 

t The complete incubation mixture contained in a final volume 
of 1.5 ml.: 1.24 mm diaminopurine, 2mm ATP, 6 mm L-methionine- 
methyl-C'%, 5 mm MgCl2, 166 mm Tris buffer (pH 7.4), and 8 mg. 
enzyme preparation I of E. coli. NaF and ethylenediaminetetra- 
acetate were added to levels of 18 and 20 mM, respectively. Sam- 
ples were incubated at 38° without shaking. ATP was inhibitory 
at 6 mM or above. 
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demonstrated that methyldiaminopurine contained 95 to 97 per 
cent of the radioactivity. The remaining C™ was largely present 
as unidentified methylpurines. 

The direct assay for methvldiaminopurine synthesis involved 
the incubation of diaminopurine-8-C™ (75,000 c.p.m. per umole) 


with unlabeled methyl donors. The procedure was identical } 


with the indirect method except that an appropriate volume of 
the 0.3 ~n HCl extract was chromatographed with the use of 
solvent (EF). 


eluted with 0.01 n HCl. An appropriate volume was plated 


The methyldiaminopurine spot was cut out and | 


and C™ determined. The same general method also applied | — 


when labeled methyl donors were used. 

Paper Chromatography—The techniques were those previously 
described (1). Amino acids were detected by spraying with | 
ninhydrin (29) after the purines were located as quenching or | 
fluorescent areas with a Mineralight lamp. The following 
solvents have been employed. (A) ethanol:glacial acetic acid: 
H,O (79:5:16), (B) n-butanol:glacial acetic acid: H,O (4:1:5) 
(30), (C) isoamy] alcohol layered over 5 per cent KH,PO,, (D) 
ethanol:glacial acetic acid: HO (73.7:5:21.3), (£) n-butanol: 
formic acid: H,O (77:10:13), (F) isopropanol: H.O:N Hs; (85:15: 
1.3), (@) isopropanol: H,O: HC! (68:15.6:16.4). With the excep- | 
tion of solvent (C) descending chromatography was employed. 

Catabolism of Methyldiaminopurine—The metabolic fate of 
purines was studied by incubating labeled diaminopurine or 
methyldiaminopurine with resting cell suspensions or crude | 
extracts of E.coli. After the necessary unlabeled purine carriers 
were added, the reaction mixtures were deproteinized with 
trichloroacetic acid, hydrolyzed with 1 N HCl, and the purines 
precipitated with AgNO; and NH3. The purine hydrochlorides 
were separated on Dowex 50-H* (28 em. X 3.8 em.? or 44 em. X _ 
3.8 cm.? column; 8 per cent cross-linkage; 200 to 400 mesh) (28) 
by gradient elution. The mixing vessel and reservoir contained 
1 |. of 04. ~ HCl and 1.51. of 4 HCI, respectively. The com-~ 
ponents were eluted in the following order: xanthine, hypo- | 
xanthine, X,, guanine, X», adenine, diaminopurine, and methyl- 
diaminopurine. X, and X» represent the fractions between the 
hypoxanthine-guanine peaks and the guanine-adenine peaks, 
respectively. These ill defined areas contained small amounts 


of 1 or more minor, unidentified components, the concentration 
of which was usually too low to enable detection by ultraviolet — 
spectroscopy and were located by radioactivity. 


RESULTS 


Requirements for Methyldiaminopurine Synthesis—The over-all | 
requirements for crude extracts are diaminopurine, ATP, L} 
methionine, and Mg** (Table I). The undialyzed extracts have | 
an absolute requirement for only the purine and Mg++. Dialysis _ 
markedly decreases the activity of the methionine-activating © 
enzyme. The reaction is linear for at least 3 hours. The stimv 
lation due to fluoride is partially due to an increase in adenosy!- 
methionine synthesis at low concentrations of Mg** (10 ma or| 
less) as measured by the release of inorganic phosphate from 
ATP (15). The need for fluoride is eliminated if at least 34 my _ 
Mg** is used. Ethylenediaminetetraacetate completely inhibits 
the synthesis by chelating the Mg*+, which is required for the — 
methionine-activating enzyme but not for the methylpheras | 
enzyme(s). The various enzyme preparations have the same} 
requirements at approximately the same optimal concentrations. | 
The E. colt methionine-activating enzyme resembles that from” 


yeast (31) rather than that from liver in that it is not sensitiv — 
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Isolation and Identification of Adenosylmethionine as Methyl 
Donor—The isolation was accomplished from a large scale incuba- 
tion containing 800 umoles of ATP, 800 uwmoles of L-methionine- 
methyl-C™ (5,000 ¢.p.m. per umole), 12 mmoles of MgCl, 9 
mmoles of Tris (pH 7.4), and 550 mg. of enzyme preparation I of 
E. coli in a final volume of 60 ml. After a 3.5 hour incubation at 
38°, adenosylmethionine (final vield of 60 wmoles) was isolated 
as the sulfate salt (pH 4.5) (32) and was stored at —20° for 
enzymatic studies. The isolated intermediate was shown to be 
adenosy methionine-methyl-C™ by identifying the component 


- moieties obtained by the hydrolytic procedures of Cantoni and 


of Schlenk (29, 33-35) (Table II). 

That the isolated adenosylmethionine was the methyl donor 
for methyldiaminopurine synthesis was demonstrated by its 
ability to replace ATP, L-methionine, and Mg** in the presence 
and absence of ethylenediaminetetraacetate. In the former 
case, it is active under conditions in which the synthesis de novo 
of the ‘‘methyl donor” is inhibited. An excess of the methyl- 
pherase enzyme allowed the complete (>95 per cent) transfer of 
the (C4) methyl group from it to diaminopurine as measured by 
the indirect assay and verified by isolation of the purines. Fi- 
nally, authentic adenosylmethionine-methyl-C™, synthesized by 
the methionine-activating enzyme® of rabbit liver, acted in all 
respects as the compound synthesized by E. coli extracts. 

Distribution of Methylpherase Enzyme—Undialyzed sonic ex- 
tracts of various organisms, grown in either trypticase soy broth 
or mycophil broth (Baltimore Biological Laboratory) were 
tested for methylpherase activity. EF. coli B, E. coli 15 T-, 


Proteus vulgaris, Neisseria catarrhalis, and Pseudomonas aeru- 


and 50 per cent, respectively, as effective as 5 mm Mg**. 
_ Mg?** is neither stimulatory nor inhibitory. 


ginosa catalyze the methyl transfer from adenosylmethionine to 
diaminopurine and 2-aminopurine; the relative activities (per 


_ mg. of protein) toward diaminopurine are 100, 100, 196, 16 and 
| 3,respectively. Aerobacter aerogenes, Bacillus subtilis, Lactobacil- 
is lus casei, Streptococcus faecalis, Lactobacillus leichmannii, Staph- 
 -ylococcus albus, and Staphylococcus aureus are without detectable 
activity. 


None of the organisms show reliable activity toward 


adenine, 2-thiopurine, or 6-thiopurine. Likewise, resting cell 


suspensions of L. casei, S. faecalis, and Saccharomyces carlsberg- 


? At a concentration of 10 mm, Mn**, Co**, and Fe** are 71, 77, 
135 mM 


‘At a concentration of 35 mM, the following methionine deriva- 


tives decrease the incorporation of the C'*-labeled methyl group 


of methionine into methyldiaminopurine by the indicated percent- 
ages: D-methionine (39), pL-ethionine (7), DL-a-hydroxy-y-methyl- 
mercaptobutyric acid (15), pL-methionine sulfoxide (9), pL-methi- 
onine sulfone (17), and N-acetyl-pL-methionine (35). 

'G. L. Cantoni, personal communication. 
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to fluoride and that Mg** may be replaced by other divalent TaBce [I 

cations.2 The effect of various methionine derivatives on the Identification of isolated adenosylmethionine-methyl-C'* 

utilization of methionine was determined.‘ 

Accumulation of S-Adenosylmethionine—Ethylenediaminetet- 

raacetate was employed to separate the methionine activation 

and transmethylation reactions and to demonstrate the accumu- —_ | eee va parce of AMP and 

lation of adenosylmethionine as a product of the former reaction fe pH 6.9, 100°, 4 hr. 5’-MeSAd-C" + homo- 

(Table I). Only by the simultaneous preincubation of ATP, serine 

t-methionine, and Mg**, before addition of ethylenediamine- AMe 2.3 m NHs;, 100°, 15 | Adenine + homoserine + 

tetraacetate, was it possible to demonstrate the accumulation of min. Meth-C'* 

an intermediate as evidenced by the formation of methyldiami- AMe 2.3 mM NHs, 26°, 12 | S-ribosylmethionine-C'* 
 nopurine after a further incubation with diaminopurine. By min. + adenine 

varving the length of the two incubations the methylpherase ‘Me _ _N HCI, 100°, t hr. Adenine} 

system was found to be rate limiting. 5’-MeSAd-C'* | HCl, 100°, 1 hr. Adenine 


* Abbreviations are defined in Table I. 

+t The identities of the components, separated by paper chro- 
matography with solvent (A), were confirmed by rechromatog- 
raphy in solvents (B), (C), and (D). In addition to Rp values, 
methionine, S-ribosylmethionine, and homoserine were further 
identified as ultraviolet-negative, ninhydrin-positive areas, while 
5’-methvlthioadenosine and adenine were ninhydrin-negative, ul- 
traviolet-absorbing areas. Adenosylmethionine was both ultra- 
violet-absorbing and ninhydrin-positive. The absorption spectra 
of ultraviolet-absorbing components were determined after elu- 
tion from paper chromatograms. The use of methyl-labeled ad- 
enosylmethionine served as an additional means of establishing 
the identity of the methyl-containing components. 

t Adenosylmethionine synthesized by E. coli and rabbit liver 
enzymes were incompletely hydrolyzed under these conditions. 


ensis fail to synthesize methyldiaminopurine (1). The methyl- 
pherase enzyme of P. vulgaris has been compared to that from 
E. coli and found to be at least qualitatively the same in all tests 
performed. 

Properties of E. coli Methylpherase System—The following 
procedure was employed to study the properties of the trans- 
methylation reaction: 0.45 umole of adenosylmethionine-methyl- 
C* (6,000 c.p.m. per umole), 1 to 2 umoles of diaminopurine, 300 
umoles of Tris (pH 7.4), and the enzyme preparation in a final 
volume of 1.5 ml. were incubated for 3 hours at 38°. Acetone 
powder extracts and sonicates were used for most studies. In 
the presence of an excess of enzyme, a maximum of 0.43 umole 
(96 per cent) of the labile methyl is transferred to the acceptor 
purine. Chemical and enzymatic catabolism of the methyl 
donor probably accounts for the remaining 4 per cent. In the 
presence of excess enzyme, the synthesis of methyldiaminopurine 
is approximately equal to the content of the methyl donor. The 
reaction is linear with time and proportional to enzyme concen- 
tration if no more than 80 to 85 per cent (0.36 to 0.38 umole) of 
the methyl donor is utilized during a 3 hour incubation. The 
ability to force the reaction to completion by prolonged incuba- 
tion (up to 6 hours) of limiting enzyme concentrations is limited 
by the heat lability of the enzyme and the enzymatic catabolism 
of the substrates. 

An optimal substrate curve for diaminopurine demonstrated 
that the rate is (a) proportional to it within the range of 0 to 0.6 
umole (0.13, 0.26, and 0.52 umole yield 0.047, 0.087, and 0.19 
pmole of methyldiaminopurine, respectively); (6) maximal at 1 
to 2 umoles; and (c) inhibited by higher levels. Methyldiamino- 
purine is neither an inhibitor nor a substrate and therefore is not 
the cause of the inhibition (refer to later section). © 

In the presence of Tris or phosphate buffer (pH 6 to 9), methyl- 
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TaB_Le III 
Inhibition of adenosylmethionine utilization by S-methylmethionine 
MeDAP synthesist 
Preincubation* Incubation* 
(30 minutes) (180 minutes) 
umole _ Inhibition 
DAP + S-MM 0.003 
Same + ATP 0.017 
DAP + ATP + Meth 0.235 0.0 
Same + EDTA 0.005 100.0 
Same + S-MM 0.112 52.3 
ATP + Meth EDTA + DAP 0.103 0.0 
ATP + Meth Same + S-MM 0.057 44.7 
DAP + AMe + EDTA 0.320 0.0 
Same + S-MM 0.222 30.5 
Samet + S-MM 0.298 7.0 


* All vessels contained 1.5 ml. with 150 mn Tris buffer (pH 7.4), 
16.7 mm MgCle, and enzyme preparation II of E. colt. The follow- 
ing additions were made as indicated: 1.28 mm diaminopurine- 
8-C'4 (75,000 c.p.m. per umole), 2mm ATP, 6 mM L-methionine, 36 
mM ethylenediaminetetraacetate, 47 mm S-methylmethionine, 
and 0.30 mm adenosylmethionine. 

+ The abbreviations are defined in Table I. 

t 0.60 mm adenosy! methionine. 


pherase has a pH optimum near 7.4 with a more marked decline 
in activity in the alkaline in comparison to the acid range. Ace- 
tate buffers are distinctly inhibitory. The activity of crude 
enzyme preparations is unaffected by the presence of 0.01 m 
NaCN, 0.02 m NaF, or 0.01 m reduced glutathione. However, a 
23 per cent decrease in activity due to 0.002 m p-chloromercuri- 
benzoate could be prevented by 0.01 m reduced glutathionine. 
Crude and partially purified enzyme preparations are easily 
heat denatured; a 20 and 80 per cent loss of activity occurs by 
heating at 45° for 4 and 10 minutes, respectively. Complete 
loss occurs during 1 minute at 56°. All of the various enzyme 
preparations may be stored at —20° for at least 3 months without 
appreciable loss of activity despite repeated thawings. No evi- 
dence was obtained for a cation requirement for the transmethy]- 
ation reaction. 

Inhibition of Adenosylmethionine Utilization—S-methyl-L-me- 
thionine, an analogue of S-adenosylmethionine capable of 
acting as a methyl donor (36), cannot serve as a methyl! donor in 
the present system (Table III). The slight synthesis that occurs 
upon the addition of ATP might indicate a limited conversion of 
methylmethionine to methionine and subsequent activation to 
adenosylmethionine by ATP. 

Inhibition of purine methylation occurs whether methyl- 
methionine is added (a) before the biosynthesis of adenosyl- 
methionine from ATP and methionine has begun, (6) after a 
limited biosynthesis of the methyl donor has been terminated by 
the addition of ethylenediaminetetraacetate, or (c) to an exog- 
enous source of adenosylmethionine in the presence of the 
chelator. A conventional Lineweaver-Burk, double reciprocal 
plot of the data from a separate experiment demonstrated that 
methylmethionine is a competitive inhibitor of adenosylmethio- 
nine: 300 uwmoles of Tris (pH 7.4), 1.0 umole of diaminopurine, 
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TABLE IV 
Purine substrates 


Purine substrates | Methylpurine synthesized* 


| 


E. coli enzyme system 
Purine umoles | Acetone 
(NH4)2SO 
umole pmole umole 
2,6-(NH2)>2 1-2 0.310 0.423t| 0.580 
| (1.45) 
2-NH; 8 0.060 0.250 0.095 
2-SH 8 0.017 0.015 0.025 
2-OH 8 <0.005 0.005 
| 
6-NH> 8  <0.002 | <0.002 | 0.002 
6-SH | 8 0.005 0.002 0.008 
6-OH 4 <0.002 | <0.002 
2-NH>2-6-CH; 8 (0.020 0.048 
8-aza-2,6-(NHo2)>2 4 0.022 0.110 0.052 
2-NH.2-6-SH 4 0.005 0.003 
2,6-SH 8 0.005 
2-CH;NH-6-NH; 2 | 0.002 0.004 


* Each vessel contained 200 mm Tris buffer (pH 7.4), purine, 


and enzyme in a volume of 1.5 ml.; the EF. coli and P. vulgaris | 


samples contained 0.30 and 0.627 mm adenosylmethionine- methyl- 
C'4, respectively. 

7 The enzyme was in excess; consequently, the reaction was 
terminated by exhaustion of the methyl donor. 


sample of the enzyme. 


t Acetone powder was extracted with 10 volumes of 0.1 m Tris 


(pH 8.0) and the supernatant fluid was fractionated by the addi- 
tion of solid (NH4)2SO,4. The 47 to 65 per cent saturated fraction 
was dialyzed against 0.01 m Tris buffer (pH 8.0) containing 0.005 
M cysteine. 


and enzyme preparation II of E. coli reacted with 0.45, 0.675, or 
0.90 umole of adenosylmethionine-methyl-C™; 0, 60, and 120 
pmoles of methylmethionine were added at each level. 
values for A,, and K,, as obtained by the method of Dixon (37), 
were 5.6 10-5 and 4.2 respectively. Dimethyl-}- 
propiothetin, at twice the effective concentration of S-methyl- 
methionine, has no detectable effect on the methylation reaction. 
Purine Substrate Specificity—A comparison of 2 or 6 substituted 
purines, or both, demonstrated that only the 2-amino substituted 
purines are methyl acceptors from adenosylmethionine (Table 
IV). By analogy to diaminopurine (1), the less active methy! 
acceptors presumably yield 2-methylamino derivatives; _ the 
methylated derivative (-methyl-C') of 2-aminopurine has been 
isolated and tentatively identified as 2-methylaminopurine.*® 
Since 2-aminopurine, 2-amino-6-methylpurine, and 8-aza-di- 


aminopurine are relatively inactive in comparison to diamino- | 
purine, it appears that the 6-amino group, while not active as 4} 


6 The spectral characteristics are as follows: pH 2, a maximum | 
at 328 mu, a shoulder at 242 my, and a minimum at 280 my; pH 12,} 
maxima at 272 and 317 mu and minima at 262 and 286 mg. The} 
maximum at 272 my represents a minor peak in comparison to that} 
at 317 mu. The Rp values of 2-aminopurine and the methylated] 
derivative in solvent (F) and (G) are 0.43 versus 0.61 and 0.2} 
versus 0.46, respectively. | 


P. vulgaris 


The value in} 
brackets is the equivalent value as determined with a diluted! 
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site of methylation, is as essential as an intact purine ring’ for 
the full activation of the 2-amino group. The poor solubility 
and rapid catabolism of 2-amino-6-thiopurine and guanine pre- 


- yented a more complete evaluation of the role of 2-amino substi- 


tuted purines as possible substrates. However, the methyl- 
pherase enzyme appears to react with a variety of 2-amino 
purines. 

Although the present assay procedure indicates that a small 
but persistent methylation of 2-thiopurine occurs in extracts of 
all bacteria tested, the following evidence indicates that the 
apparent activity may be an artifact: (a) the indicated methyl- 
pherase could not be concentrated by ammonium sulfate frac- 
tionation, (b) control experiments demonstrated that at least 
half of the apparent activity arises by a nonenzymatic interaction 
of S-adenosylmethionine and 2-thiopurine, and (c) the purine 
ean be easily hydrolyzed to 2-thio-4,5-diaminopyrimidine (38). 


2Thio-6-methylpurine, 2,6-dithiopurine, 2-thio-6-hydroxypu- 


rine, and 2,8-dithio-6-hydroxypurine have less apparent ac- 
tivity than 2-thiopurine. 

Inhibition of Methyldiaminopurine Synthesis by Purines—The 
methylation of diaminopurine is progressively inhibited by in- 
creasing concentrations of 2 or 6 (or both) substituted amino- 
and thiopurines (including diaminopurine) when they are added 
to noninhibitory levels of diaminopurine (Tables V and VI). 
The thiopurines are less inhibitory than the corresponding amino- 
The same pattern of inhibition is observed in the E. 


coli and P. vulgaris systems. The inhibition of these purines 


cannot be reversed by increasing the level of the primary sub- 


strate. Although thioguanine and the thiopurines have ques- 


- tionable activity as substrates, they (or metabolic products) are 


effective inhibitors of diaminopurine methylation. Although 


- substrate and nonsubstrate purines are inhibitory, the poorest 
substrates, 8-aza-diaminopurine and 2-amino-6-methylpurine, 
are the most effective inhibitors. 


Methyldiaminopurine serves 
neither as a substrate (Table IV) nor as an inhibitor. The 
nucleosides of adenine do not share the inhibitory properties of 
the free base; amino- and thio-substituted pyrimidines’ are 


_ generally devoid of inhibitory properties. Although 2-oxypurine 
is not inhibitory, it does partially reverse the inhibition due to 


high concentrations of diaminopurine. 

These findings suggest that both amino groups of diamino- 
purine are involved in binding the substrate to the enzyme and 
that the various 2 or 6 substituted purines, or both, including 
diaminopurine, may inhibit by successfully competing for one or 
more of the binding sites despite the fact that the enzyme is 
saturated with diaminopurine. Preincubating with 1 umole of 
diaminopurine for 20 minutes at 38° reduced the inhibition due 
to 6 wmoles of adenine by only 16 per cent; preincubation with 
adenine did not increase inhibition. 

Catabolism of Methyldiaminopurine—When diaminopurine re- 


acted with adenosylmethionine-methyl-C™ and various extracts 


of E. coli, 95 to 97 per cent of the C™ in the purine fractions 


“ft eluted from Dowex 50-H* was isolated as methyldiaminopurine; 
the remaining C™ was associated with the fractions containing 
diaminopurine, adenine, and especially X2. 


7™The following pyrimidines at 5.3 mM failed to act as sub- 
strates of the methylpherase system: 2 - aminopyrimidine, 


- 2-amino - 4 - methylpyrimidine, 2,4 - diamino - 6 - chloropyrimi- 
dine, 2,4-diamino-6-hydroxypyrimidine, isocytosine, 2,4-dithio- 
pyrimidine, 
However, 2-aminopyrimidine and 2,4-diamino-6-hydroxypyrimi- 
dine did inhibit the methylation of diaminopurine. 


dithiothymine, 2-thiouracil, and 2-thiocytosine. 
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TABLE V 
Inhibition of diaminopurine methylation by aminopurines 
Purine uwmoles of purine* 
2,6-(NHo2)2 1-2 3 4 6 12 | 1-3/ 1-3 1 
2-N Hot 5 11 
6-NH2 5 11 
Total 1-2 3 4 6 | 12 | 6-8 |12-144 6/ 12 
Per cent 0 10 | 21 | 25 | 44; 51 | 62 | 48 | 56 
inhibition 


* The inhibitor purine was added to samples containing 0.30 
mM adenosylmethionine-methyl-C', 233 mm Tris buffer (pH 7.4), 
enzyme preparation II of E. coli, and the indicated ymoles of 
diaminopurine, the primary substrate, in a total volume of 1.5 
ml. At a level of 1 umole of diaminopurine, the methylpherase 
enzyme was saturated in respect to methyl donor and acceptor. 

t The inhibition due to 2-aminopurine is a minimal value since 
this purine may also serve as a substrate, the methylation of which 
would be assayed as methyldiaminopurine synthesis. 


TABLE VI 
Purine inhibitors of methyldiaminopurine synthesis* 
Inhibition 
Purine inhibitor Purine inhibitor Inhibition 
E. | P. ° colt) 
colt (vulgaris 
2-NH, 53 48 Adenosine 0 
6-NH>2 48 58 AMP 13 
2,6-(NH2)2 33 40 ATP ] 
2-SH 37 25 2,8-SH-6-OH 17 
6-SH 21 35 2-SH-6-OH 0 
2,6-(SH) >» 13 2-SH-6-CH;, 
2-NH2-6-CH; 67 2-OH 2 
8-aza-2,6-(NHe) of 66 2-OH-6-SH 12 
2-NH.2-6-SHT 34 
2-CH3NH-6-NHot 0 


* Each sample contained 0.667 mM diaminopurine, 233 mM Tris 
buffer (pH 7.4), inhibitor purine, and either enzyme preparation 
II of E. coli or P. vulgaris sonicates in a final volume of 1.5 ml.; 
the E. coli and P. vulgaris samples contained 0.30 and 0.627 mu 
adenosylmethionine-methyl-C', respectively. In the uninhibited 
system, the enzyme was saturated with methyl donor and ac- 
ceptor. Except where indicated, 8 wmoles of inhibitor purine 
were added. 

t 4 umoles were added. 

t3 umoles were added. 


The metabolic stability of the methyl-nitrogen bond was 
demonstrated by incubating 0.283 mm methyldiaminopurine-8- 
C4 with 140 mg. of enzyme preparation I of E£. coli in a final 
volume of 12 ml. for 4 hours at 38° and by incubating 0.215 mm 
and 0.163 mm C-8 and methyl-labeled methyldiaminopurine, 
respectively, with 10 to 12 gm. wet weight of E. coli cells in 0.06 
mM phosphate buffer (pH 7) (final volume of 40 ml.) for 3 hours. 
In all cases 95 to 98 per cent of the C™ separated by ion exchange 
chromatography was in the methyldiaminopurine fraction. The 
remaining C' was found in the X:, adenine, and diaminopurine 
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fractions; only trace amounts were found associated with xan- 
thine, hypoxanthine, and guanine. Since the former fractions 
contained C' whether the substrate was labeled in the ring or 
methyl group, at least a part of the C™ associated with these 
fractions represents unidentified methylated purines. Even 
under conditions whereby 36 uwmoles of diaminopurine-8-C™ were 
completely catabolized (principally to xanthine) by heavy cell 
suspensions, 4 to 5 uymoles of methyldiaminopurine were isolated. 
Considering the elution pattern of X, and the observed deamina- 
tion of diaminopurine to guanine, X, may represent 2-methyl- 
amino-8-hydroxypurine (26). 

When adenosylmethionine and diaminopurine reacted with a 
large excess of P. vulgaris sonicate, the methyl group was com- 
pletely transferred within 1 hour (indirect assay method); the 
total methylpurine content remained constant for an additional 
12 hours. Paper chromatography indicated that the content of 
methyldiaminopurine in these samples decreased only slightly 
during this period. 

Therefore, very little demethylation of methyldiaminopurine 
occurs in preparations of EF. coli and P. vulgaris although altera- 
tions in the purine structure, other than demethylation, do occur 
to a limited extent. 

DISCUSSION 


Previous data (1) have shown that in the presence of ATP and 
Mgt+ the methyl group of L-methionine could serve as a pre- 
cursor of the N-methyl group of 2-methylamino-6-aminopurine. 
S-adenosylmethionine has now been isolated from the reaction 
mixture and demonstrated to transfer quantitatively its methy] 
group to diaminopurine under conditions in which the methyl 
group of methionine could not be utilized. The methylation of 
an aminopurine by the process of transmethylation represents a 
previously unrecognized function of adenosylmethionine. The 
full significance of the N-methylation of several 2-amino sub- 
stituted purines is not apparent since the purines are not natu- 
rally occurring. However, this reaction does offer a possible 
mechanism for the synthesis of naturally occurring methylamino- 
purines such as 2-methylamino-6-hydroxypurine, 6-methylamino- 
_ purine, and 6-dimethylaminopurine as well as a variety of purines 
methylated at ring nitrogen positions. 

6-Methylaminopurine is present in small concentrations in the 
nucleic acids of various organisms including E. coli B. and E. coli 
15T- (21, 39). To date, the attempts to demonstrate its syn- 
thesis from adenine and adenosy]methionine in extracts of these 


Metabolism of 2 ,6-Diaminopurine 


Vol. 234, No. 6 


organisms® have failed. The apparent specificity of the 2. 

aminopurine methylpherase enzyme distinguishes this enzyme 

from those involved in the synthesis of 6-methylaminopurine, 
Methylation of purines generally reduces or abolishes the 


inhibitory or growth-promoting properties of a variety of syn- 


thetic and natural purines (40). The physiological significance 
of this fact is even more evident now that the methylation of 


purines has been shown to occur in a variety of microorganisms, | 


Therefore, the effectiveness of growth or tumor inhibitors such 
as diaminopurine and thioguanine may be markedly affected by 
the extent to which the purine is methylated. 


It is not known whether the incorporation of various methyl. | 


ated purines into nucleic acids (21, 39, 41) is purposeful or acci- 
dental. If the extent of catabolism of methylated purines jis 
less than the parent purine, as indicated by the present studies, 
the result of the methylation would be the formation of a purine 
which has a greater opportunity to be accidentally incorporated 
into nucleic acids. 

Although the formation of 2-methylthiopurine has not been 
demonstrated in these studies, the detoxification of 2-thiouracil 
by S-methylation (42) exists as a precedent for such a reaction. 


SUMMARY 


In the presence of adenosine triphosphate and Mg++, methio- 
nine serves as a methyl] donor for the synthesis of 2-methylamino- 
6-aminopurine from 2,6-diaminopurine in extracts of several 
microorganisms including Escherichia coli B. S-adenosylmethio- 


nine, synthesized during this reaction, was isolated and demon- | 


strated to be the actual methyl donor, replacing the require- 
ment for adenosine triphosphate, Mg++, and methionine. 


The purine methylpherase enzyme(s) catalyzes the N-methyl- | 


ation of 2,6-diaminopurine, 2-aminopurine, 2-amino-6-methyl- © 


group or of amino and thio groups at position 6 could not be ; 


purine, and 8-aza-2,6-diaminopurine. Methylation of a 2-thio 


demonstrated. 


A variety of amino and thio purines, including 2,6-diamino- © 
purine, markedly inhibit the methylation of 2,6-diaminopurine. | 


S-methyl-t-methionine cannot replace S-adenosylmethionine 


as methyl donor but it is a competitive inhibitor of S-adenosyl- | 


methionine for the methylation of the purines. 

The methyl group of 2-methylamino-6-aminopurine is meta- 
bolically inert as evidenced by the slight extent of demethylation 
that occurs. 
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One of the distinctive characteristics of living tissue is its abil- 
ity to preserve relative constancy of its internal environment. 
One mechanism for coordinating rates of utilization and of syn- 
thesis is that of feedback control, in which the end product regu- 
lates the rate of its own biosynthesis. 

Two general mechanisms have been discovered for transmission 
of information that the end product is already available. In the 
first of these, the end product inhibits the activity of a key enzyme 
in its biosynthetic pathway (1-3), in the second it suppresses the 
synthesis of such a controlling enzyme (4-8). In many systems, 
ranging in complexity from bacterial to mammalian species, pre- 
formed purines will suppress nucleic acid purine synthesis (9, 
10) from more distal precursors such as glycine (11), formate 
(12-14), ammonium-N (15), or CO. (15, 16). In the case of 
blocked bacterial mutants, preformed purines will inhibit the ac- 
cumulation of the purine precursor whose further metabolism is 
blocked genetically (9, 17). 

The first irreversible reaction concerned specifically with purine 
synthesis is that in which 8-P-ribosylamine is generated from 
PP!-ribose-P and glutamine (18-20), by the enzyme named phos- 
phoribosylpyrophosphate amidotransferase (20). We have puri- 
fied this enzyme from pigeon liver, and have tested a variety of 
naturally occurring purine ribonucleotides and related com- 
pounds for their ability to control the activity of PP-ribose-P- 
amidotransferase. AMP, ADP, ATP, GMP, GDP, and IMP 
have been demonstrated to be competitive inhibitors of PP-ri- 
bose-P binding by this enzyme. The most potent of these are 
ATPand ADP. The competitive phenomena demonstrated may 
constitute an important control mechanism for regulation of 
purine ribonucleotide biosynthesis. 


EXPERIMENTAL 


Materials and Methods 


Glutamine was purchased from Mann Chemical Company. 
Ribose-5-P was obtained as the barium salt from Schwartz Com- 
pany, and was converted to the potassium salt by passage 
through a Dowex 50-K column. Purine and pyrimidine ribo- 
nucleoside mono-, di-, and triphosphates, DPN, and the 3-acetyl- 


* These studies were supported by Grants A-1391 and Cy-4142 
from the National Institutes of Health, United States Public 
Health Service, Bethesda, Maryland. 

1 The abbreviations used are: PP, inorganic pyrophosphate; 
AIC, 5-amino-4-imidazole carboxamide; Tris, tris(hydroxy- 
methyl)aminomethane. 


pyridine analogue of DPN were purchased from Pabst Brewing 
Company. GDP was purchased from Schwartz Company. 
Purine bases and ribonucleosides were purchased from California 
Biochemical Corporation, except that AIlC-ribonucleotide was a 
gift of Mr. Thayer B. French and Dr. J. M. Buchanan. It was 
converted from the barium salt to acid form by chromatography 
on a Dowex 1 Cl- column (21) and neutralized with sodium hy- 
droxide. 

PP-ribose-P was prepared essentially according to Flaks et al. 
(21) and purified by a single passage through the magnesium salt 
stage. It was assayed according to Kornberg et al. (22), em- 
ploying orotidine 5’-monophosphate pyrophosphorylase and de- 
carboxylase prepared from yeast as described by Lieberman et al. 
(23). Its assay was checked by the enzymatic method described 
in this paper. Glutamic dehydrogenase was purchased from 
Nutritional Biochemicals Corporation and was dialyzed against 
400 volumes of 0.1 mM phosphate buffer, pH 7.4, for two 1-hour 
periods to reduce its content of ammonium sulfate. It was then 
diluted 1 to 5 in 0.25 m phosphate buffer, in which it was thea 
stable for several weeks at 4°. Glutamic dehydrogenase was as- 
sayed as follows: 0.2 umole of glutamic acid, 0.6 umole of the 
3-acetylpyridine analogue of DPN, and 50 wmoles of Tris buffer, 
pH 8.0, were placed in a quartz cell, and glutamic dehydrogenase 
(0.05 ml.) was added (total volume 1.0 ml.). The increase in 
absorbance at 363 mu was observed and 1 unit was defined as 
that quantity of enzyme causing an initial increase in absorbance 
of 0.001 per minute. 

All kinetic measurements were made in a Beckman DU ultra- 
violet spectrophotometer at room temperature in quartz cells 
with a light path of 1.0 em. Protein was determined from the 
ratio of absorbance at 280 and 260 my according to Warburg and 
Christian (24). pH values were measured with a Beckman zero- 
matic pH meter. 

Enzyme Assay 


The reaction between PP-ribose-P and glutamine yields P- 
ribosylamine, PP, and glutamate as products. PP-ribose-P-ami- 
dotransferase activity was assayed by coupling the primary re- 
action with that for determination of glutamate with glutamic 
dehydrogenase, employing the 3-acetylpyridine analogue of DPN 
as hydrogen acceptor (25). 
PP-ribose-P + glutamine + H.O — ) 

P-ribosylamine + glutamate + PP 
Glutamate + H.O + X*+?=— a-ketoglutarate + XH?+ NH, (2) 


2 Where X = the 3-acetylpyridine analogue of DPN. 
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The oxidation of glutamate goes to completion, in contrast to 
the reaction employing DPN as hydrogen acceptor, in which the 
equilibrium is far toward glutamate (25, 26). Reduction of the 
acetv pyridine analogue was followed at 363 my, and the €3.3 was 
found to be 8900 in agreement with Kaplan et al. (25). The as- 
say system consisted of the components listed beneath Fig. 1, 
and 1 unit of PP-ribose-P-amidotransferase activity was defined 
as that quantity of enzyme causing an increase in absorbance of 
0.001 per minute. 

The crude enzyme preparations reduced the acetylpyridine 
analogue in the absence of added PP-ribose-P or glutamine, but 
this reduction was not sustained beyond 10 to 15 minutes. Ap- 
proximate assays of such fractions could therefore be obtained 
by observing later rates of reduction. 


Purification Procedures 


The preparation of this enzyme followed rather closely the pro- 
cedure of Hartman and Buchanan (20). Unless specified other- 
wise, all procedures were performed at 4°. 

Fractionation with Ammoniacal Ammonium Sulfate—The 100,- 
000 X g supernatant solution (27) was fractionated with satu- 
rated ammonium sulfate, previously adjusted to pH 7.4 with 
concentrated NH,OH, and the portion precipitating between 20 
and 45 per cent of saturation was redissolved in a small volume 
of water. This fraction was reprecipitated twice more with am- 
moniacal ammonium sulfate at 45 per cent of saturation. These 
additional precipitations virtually abolished endogenous reduc- 
tion of the acetylpyridine analogue. Assays of these fractions 
were highly variable, probably because of effects of NH,* on the 
equilibrium of the glutamic acid dehydrogenase action. 

Dialysis and Heat Fractionation—The fraction obtained after 
the third ammonium sulfate precipitation was dialyzed against 
400 volumes of distilled water, and the precipitate collected, ex- 
tracted with 0.05 m tris buffer, and heated at 60°, according to 
Hartman and Buchanan (20). The coagulated protein was re- 
moved by centrifugation at 25,000 x g for 30 minutes, giving a 
clear, light red supernatant solution. 

Calcium Phosphate Gel—The enzyme solution from the pre- 
ceding step was diluted to contain 10 mg. of protein per ml. To 
each 5 ml. of solution, 1 ml. portions of aged calcium phosphate 
gel (190 mg. per ml.) (28), were added successively. The en- 
zyme generally was quantitatively adsorbed onto the gel in 2 to 
3 steps, leaving j of the protein in solution. 

Elution from Calcium Phosphate Gel—The gel fractions contain- 
ing 90 to 95 per cent of the activity were pooled, and mixed in- 
timately with 1 to 2 ml. of 0.001 m phosphate buffer, pH 7.4, per 
5 ml. of enzyme solution originally treated with gel, for 20 to 30 
minutes, after which the gel was removed by centrifugation. 
Elutions were repeated, successively, with 0.005, 0.01, and 0.05 
au phosphate buffer. Generally the enzyme activity was maxi- 
mal in the second eluate. A summary of these purification pro- 
cedures is given in Table I. It is difficult to compare the purity 
of this enzyme with that prepared by Hartman and Buchanan, 
since several alterations were made in the purification procedure, 
and the assays are not identical. 


RESULTS 


Characteristics and Requirements of Reaction—A linear rela- 
tionship between rate of reaction and quantity of enzyme was 
demonstrated with Fractions III, IV and V, but could not be 
demonstrated with Fractions I and II, because of endogenous re- 
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Fig. 1. Assay of PP-ribose-P-amidotransferase. 
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MINUTES 


The assay 


system consisted of Tris buffer, pH 8.0, 50 umoles; MgCl:2, 3 umoles; 
PP-ribose-P, 0.25 umole; glutamine, 1.0 umole; 3-acetylpyridine 
analogue of DPN, 0.6 umole; glutamic dehydrogenase, 100 units, 
as defined under ‘‘Materials and Methods;”’ and sufficient PP- 
ribose-P-amidotransferase to cause an increase in absorbance of 
0.010 to0.040 per minute during the linear phase, when read against 
a blank containing all factors except PP-ribose-P. The total 
volume was 1.0 ml. and readings were made at room temperature 
at 363 my in quartz cells with a light path of 1.0 cm. A unit of 
enzyme was defined as that quantity giving an increase of ab- 
sorbance of 0.001 per minute under conditions of this assay. In 
the example shown two different quantities of PP-ribose-P-amido- 
transferase were employed, to illustrate the variable lag period 
that occurs before a linear rate of change of absorbance develops. 


TABLE I 


Purification of PP-ribose-P-amidotransferase 


Fraction | Step Volume Protein Activity — 
mi. meg./ml. u/mg. P % 
I | Soluble fraction 46.5 65.0 8.7 100 
Il | Third ammonium 9.2 61.0 24.8* 53 
sulfate fraction 
III. Tris extract 6.6 36.5 74.0 6S 
IV Heat stable frac- 6.1 10.2 194.0 46 
tion 
V | Ca;(PO,4)2 geleluate 4.1 3.7 825 47 


* Probably low due to presence of NH,*. 


duction of the 3-acetylpyridine analogue of DPN by the prepara- 


tions themselves. 


pH Optima—The complete system showed pH optima of 7.6 
in 0.05 m phosphate buffer and of 8.0 in 0.05 m Tris buffer, the 
maximal rate being 40 per cent greater in Tris than in phosphate 
buffer (Fig. 2). The characteristics of the coupled system in 
phosphate resembled those of glutamic dehydrogenase (26) in 
this buffer. The pH optimum of the amidotransferase was 
studied independently in Tris buffer by incubating enzyme with 


PP-ribose-P, glutamine, and Mg**. 


After 20 minutes at 37°, 


the total yield of glutamate was determined. The pH dependence 
of the enzyme in Tris was essentially identical to that of the as- 
say system as shown in Fig. 2, and showed a sharp optimum at 


8.0. 
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Fic. 2. Activity of the assay system in Tris and phosphate 
buffers at various pH values. The enzyme employed was a prepa- 
ration of Fraction V, assayed as described beneath Fig. 1, except 
that 50 umoles of buffer of various pH values were employed. 


Stoichiometry—With Fraction II the yield of glutamate was 
quantitative, based on the quantity of PP-ribose-P added, but 
only after prolonged incubation. With Fraction V quantitative 
yields were frequently obtained in 15 to 30 minutes, when ade- 
quate enzyme was employed. This procedure therefore could be 
used as an assay for PP-ribose-P. Similarly, if glutamine were 
made limiting, its quantitative conversion to glutamate occurred. 
No attempts were made to isolate or identify P-ribosylamine, nor 
was PP measured, since it has already been shown (20) that PP 
and glutamate are formed in equivalent amounts in this reaction. 
With Fraction V, no reaction occurred in the absence of gluta- 
mine or PP-ribose-P, and the rate was only 15 per cent of optimal 
when Mg** was omitted. No reaction occurred when ATP and 
ribose-5-P were substituted for PP-ribose-P. 

Stability of PP-ribose-P-amidotransferase—At all stages of 
purification, PP-ribose-P-amidotransferase was found to be rela- 
tively unstable when stored. At 4°, Fractions [V and V lost 50 
per cent of activity in 3 days and 85 per cent of activity in 7 days. 
Addition of GSH (10-3 m), cysteine (10-3 m), homocysteine 
(10-3 m), nicotinamide (0.1 m), Triton (0.0001 per cent), addi- 
tional phosphate buffer, pH 7.4, (0.1 m), or Tris buffer, pH 8.0, 
(1.0 m) had no significant stabilizing effect. Preparations were 
considerably more stable when stored at —10°. For example, 
Fraction V lost only 7 per cent of its activity in 6 days at —10°. 

Substrate Affinittes—Hartman and Buchanan (20) have pro- 
posed a single displacement mechanism for the conversion of 
PP-ribose-P to P-ribosylamine, the amide group of glutamine re- 
placing the pyrophosphate group of PP-ribose-P. A necessary 
corollary of this mechanism is that of independent binding sites 
of PP-ribose-P and of glutamine on the enzyme. In order to 
assess this hypothesis, rate data were obtained in an experiment 
in which PP-ribose-P and glutamine were each varied at several 
concentration levels, and the data were plotted according to 
Frieden’s graphic presentation (29) of the relationships developed 
earlier also by Takenaka and Schwert (30). If in such plots the 
lines converge to intersect on the extended X-axis in both in- 
stances, t.e. when S = PP-ribose-P, v being measured at a series 
of different levels of glutamine, and again when S = glutamine, 
v being measured at a series of different levels of PP-ribose-P, 
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nonconsecutive binding of both substrates at independent bind. 
ing sites is indicated (29). 

Figs. 3 and 4 show the results of this study. In each case the 
plot conforms satisfactorily with the graphic requirements for 
demonstration of nonconsecutive binding at independent sites, 
In these plots the intercepts represent —1/K,, (31). Therefore, 
K,, of PP-ribose-P = 2.3 x 10-4 m and K,, of glutamine = 
1.1 X 10-3 M. 

The coupled system was strongly inhibited by p-chloromercuri- 
benzoate (10-4 m) and significantly protected by GSH (5 x 10° 
M). However, glutamic dehydrogenase itself was found to be 
inhibited by p-chloromercuribenzoate (26), and protected by 
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Fic. 3. The reciprocal of the velocity has been plotted against | 
the reciprocal of the concentration of glutamine in a series of © 


experiments, in which the concentration of PP-ribose-P was 
varied. The concentrations of PP-ribose-P, in mm, were as fol- 
lows: @ and @, 1.0; O, 0.5; X, 0.33; A, 0.25. In one experiment 
(@) 0.2 mm AMP was included (see text). Note that all lines 
converge to a single intercept on the (—) X-axis. 
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moles/ml). 


Fic. 4. Some of the data of Fig. 3 have been replotted, setting 
the reciprocal of the velocity against the reciprocal of the con- 
centration of PP-ribose-P, at each of 3 concentration levels of 
glutamine. The concentrations of glutamine, in mM, were as fol- 
lows: @, 1.0; X, 0.5; A, 0.33. Note again that the lines converge 
to a single intercept on the (—)X-axis. In this study the enzyme 
was Fraction V. 
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GSH, so these results did not demonstrate inhibition of PP-ri- 
bose-P-amidotransferase by p-chloromercuribenzoate. There- 
fore, an experiment was conducted in which PP-ribose-P-amido- 
transferase was incubated for 20 minutes at 37° with PP-ribose-P, 
glutamine, and Mg++ with and without p-chloromercuribenzoate 
(10-4). Thereafter, protein was coagulated with heat and re- 
moved by centrifugation, GSH was added (5 and 
glutamate yield determined with glutamic dehydrogenase and 
the acetylpyridine analogue. These results indicated that PP- 
ribose-P-amidotransferase was inhibited by p-chloromercuriben- 
zoate and protected by GSH, and suggested that activity of the 
enzyme was dependent upon sulfhydryl! groups (Table IT). 

Purine Ribonucleotide Inhibitors—AIC-ribonucleotide (10), 
IMP, AMP, ADP, ATP, GMP, and GDP inhibited the PP-ri- 
bose-P-amidotransferase reaction, but a variety of related com- 
pounds had no effect. These ineffective compounds included 
IDP, ITP, GTP, 2’-,3’-AMP, 2’-,3’-GMP, deoxy-AMP, AIC- 
ribonucleoside (10), inosine, xanthosine, adenosine, guanosine, 
hypoxanthine, adenine, ribose-5-P, PP, CMP, CTP, UMP, and 
UTP. The inhibition by ATP was not influenced by a 3-fold 
increase in Mg++. None of the inhibitory ribonucleotides inter- 
fered with the determination of glutamate itself in this assay sys- 
tem. 

The inhibitions caused by IMP, AMP, ADP, ATP, GMP, and 
GDP were analyzed at various levels of PP-ribose-P and gluta- 
mine. These compounds were found to be competitive inhibitors 
of PP-ribose-P binding by the enzyme (Fig. 5). The A,/K; 
values were found to range irom about 0.6 in the case of GDP, 
to6in the case of ATP and ADP. The inhibitor-enzyme dissoci- 
ation constants are listed in Table ITI. 

These inhibitions were found to be noncompetitive with respect 
to glutamine binding. An example, that of AMP, is shown in 
Fig. 3, where it can be seen that the addition of AMP was equiva- 
lent to a reduction in level of available PP-ribose-P. The lack 
of displacement of the intercept on the extended X-axis is indica- 
tive of noncompetitive inhibition (31) as is the lack of coincidence 
of the intercepts on the Y-axis in the studies employing 1 mm 
PP-ribose-P in the presence and absence of 0.2 mm AMP. 

Azaserine was also shown to inhibit this reaction, and its in- 
hibition was readily blocked at high glutamine concentrations 
(10, 32). No formal evaluation of its mechanism of inhibition 
has been carried out with purified enzyme, however. 


TABLE II 


Inhibition of PP-ribose-P-amidotransferase by 
| p-chloromercuribenzoate 

The enzyme, Fraction III, was incubated with PP-ribose-P, 
glutamine, and MgClo, with and without p-chloromercuribenzoate 
and GSH in Tris buffer for 20 minutes. The enzyme was then 
inactivated with heat, and the mixture centrifuged. GSH was 
added to the supernatant of the first two vessels, and glutamate 
production was assayed in terms of the initial rate of reduction of 
the 3-acetylpyridine analogue of DPN in presence of glutamic 
dehydrogenase. 


Addition AO.D./10 minutes 
p-Chloromercuribenzoate (104m) 0.000 
p-Chloromercuribenzoate (10~4 
M) + GSH (5 X 10-*m)........ 0.095 
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Fic. 5. Competitive inhibition of PP-ribose-P binding by cer- 
tain purine ribonucleotides. Velocity, v, is defined as in Fig. 3; 
S is the concentration of PP-ribose-P in mm. Each ribonucleotide 
was added in final concentration of 0.2 mm. The enzyme was 
Fraction V. 


TaBLe III 

Dissociation constants of inhibitors 

Inhibitor K; 

M 
ATP 3.7 X 10-5 
ADP 3.9 K 
GMP | 8.6 10-5 
AMP 9.0 K 10-5 
IMP 1.8 10-4 
GDP 3.8 X 10-4 


DISCUSSION 


The results described, wherein PP-ribose-P-amidotransferase is 
regulated by some function of the (ATP + ADP)/PP-ribose-P 
ratio, or possibly of the (ATP + ADP + AMP + GDP + 
GMP + IMP)/PP-ribose-P ratio, would offer a reasonable mech- 
anistic explanation for many of the observations indicating the 
presence of a feedback control of purine synthesis de novo (9-17, 
33), although this postulate cannot be fully proven by data on 
isolated enzyme systems. Competition for available PP-ribose-P 
in the course of conversion of purine bases to ribonucleotides may 
be an additional factor (9, 10, 34) when exogenous purine bases 
are administered. 

Feedback control is in all probability a very general and wide- 
spread biological phenomenon (1-17, 33-41). The examples 
cited, and that discussed in this paper, deal with synthetic path- 
ways, de novo, but there are indications that similar mecha- 
nisms may operate at various levels of complexity. For example, 
in purine auxotrophs of EF. coli, in which the biosynthetic cycle, 
IMP — XMP — GMP — IMP, has been demonstrated, the 
terminal reaction (the irreversible reductive deamination of 
GMP) is strongly inhibited by ATP (42). 

The structural requirements for binding by PP-ribose-P-amido- 
transferase are of interest. Apparently, a 5’-phosphate, a 2’-hy- 
droxyl and a 1’-purine, AIC, or pyrophosphate substituent are 
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required. A 5’-di- or triphosphate is essentially ineffective unless 
the 1’-purine is adenine. Inhibition by natural analogues may 
occur in certain biosynthetic sequences (3, 43). In the present 
study, it is therefore of interest that no evidence was found for 
inhibition of PP-ribose-P-amidotransferase by UMP, CMP, or 
their respective triphosphates. 


SUMMARY 


The procedure of Hartman and Buchanan for the preparation 
of phosphoribosylpyrophosphateamidotransferase has been modi- 
fied, and a kinetic assay described based upon measurement of 
the rate of generation of glutamic acid, employing the 3-acetyl- 
pyridine analogue of diphosphopyridine nucleotide as hydrogen 
acceptor, in the presence of purified glutamic dehydrogenase. 
Evidence that phosphoribosylpyrophosphate and glutamine are 
each bound nonsequentially at independent binding sites is pre- 
sented. The enzyme is inhibited by p-chloromercuribenzoate 
and is protected by glutathione. Phosphoribosylpyrophosphate- 
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amidotransferase catalyzes the earliest irreversible reaction spe- 
cifically concerned with synthesis of purine ribonucleotides and 
thus is ideally situated to control purine biosynthesis de novo, 
Phosphoribosylpyrophosphateamidotransferase is inhibited by 
adenosine tri-, di-, and monophosphate, guanosine di- and mono- 
phosphate, and inosinic acid, but not by a large number of other 
purine and pyrimidine compounds. The inhibitions by these 
purine ribonucleotides are competitive with respect to phosphori- 
bosylpyrophosphate, noncompetitive with respect to glutamine. 
K» (PP-ribose-P)/K; values range from about 0.6 (guanosine di- 
phosphate) to 6 (adenosine tri- and diphosphate), suggesting that 
these purine ribonucleotides, particularly adenosine tri- and di- 
phosphate, may be important regulators of activity of this en- 
zyme. 
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- sociated nucleic acid breakdown is reduced or eliminated. 


A release of acid soluble constituents that absorb at 260 mu 
occurs during the incubation of suspensions of Escherichia coli 
H (1), Pseudomonas aeruginosa (2), or Lactobacillus arabinosus 
(3) in buffers. Lysogenic E. colt strain Ky. as well as nonlyso- 
genic H. coli strains B and B/r excrete ultraviolet-absorbing sub- 
stances during growth in media deficient in glucose, and a methi- 
onine-requiring auxotroph of lysogenic E. coli (strain K,2.W-6) 
excretes 260 my-absorbing materials when incubated in methi- 
onine-free growth medium (4). During methionine starvation 
the cells remained fully viable but there was no increase in the 
number of viable cells. Holme and Palmstierna (5) incubated 
E. coli B in nitrogen-deficient media and observed the accumula- 
tion in the culture medium of substances causing an absorption 
in the ultraviolet region. Cells of Rickettsia mooseri lost 260 
mu-absorbing materials in isotonic media incubated at 36° and 
there was a complementary decrease in the nucleic acid fraction 
of rickettsial suspensions (6). 

We have reported (7) the release of acid soluble constituents 
that absorb at 260 my during the incubation of washed cells of 
Hemophilus parainfluenzae in water or buffers. The 260 muy- 
absorbing ‘‘leakage’’ was derived from the ribonucleic acid frac- 
tion of the cell suspension and the temperature and pH charac- 
teristics of the reaction suggested that it is an enzymatic process. 
In the presence of the polyamine, spermine, which is an essential 
growth factor for H. parainfluenzae (8), the leakage and the as- 
The 
inhibition of nucleic acid degradation in the cell suspensions was 
deemed a consequence of nucleic acid-spermine complex forma- 
tion (9, 10). 

The experiments described in this paper more fully charac- 
terize the leakage of 260 my-absorbing materials from suspen- 
sions of H. parainfluenzae in buffers or growth media as an au- 
tolytic degradation of cellular ribonucleic acid by a very active 
ribonuclease. The enzymatic degradation of bacterial ribonu- 
cleic acid can be reduced or completely inhibited by the addition 
of spermine to the bacterial suspensions. 


EXPERIMENTAL 


The bacteria were grown in the defined medium of Herbst et al. 
(11) in 1-]. Erlenmeyer flasks containing 300 ml. of medium. In- 
cubation was for 16 to 24 hours at 34° with continuous shaking. 
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The cells were harvested by centrifugation at 2° and were washed 
with cold 0.9 per cent sodium chloride. A suspension containing 
approximately 10 mg. dry weight of cells per ml. was prepared 
in cold 0.1 m Tris! buffer, pH 8.1, and the weight of cells per ml. 
of suspension was determined turbidimetrically by reference to 
a standard curve relating turbidity and cell dry weights. In 
most experiments, an aliquot containing 3 mg. of cells was pi- 
petted into each of the experimental tubes (13- x 100-mm. 
Pyrex test tubes) containing the chilled suspending medium. 
The final volume was 3 ml. and the tubes were incubated in a 
constant temperature bath at 37° without shaking. (Devia- 
tions from these conditions are indicated in the appropriate 
tables or figures.) At the end of the incubation period the tubes 
were centrifuged at 2° and the supernatants were treated with 
cold perchloric acid to a final concentration of 6 per cent. The 
very slight precipitate was removed by centrifugation and the 
supernatants were analyzed for 260 my absorption with the Beck- 
man model DU spectrophotometer and for orcinol reactive ma- 
terial by the procedure of Dische (12). 

The cells obtained by centrifugation of the incubation mix- 
tures were suspended in cold 6 per cent perchloric acid and ex- 
tracted three times; the perchloric acid insoluble fraction was 
washed once with cold 95 per cent ethanol and resuspended in 
6 per cent perchloric acid. The suspension was heated in a 
water bath at 90° for 15 minutes according to the modified pro- 
cedure of Schneider (13) and centrifuged in the cold. The resi- 
due was re-extracted at 90° for 15 minutes and the supernatant 
obtained after centrifugation was combined with the first hot 
perchloric acid extract. The absorbance of the extract at 260 
my was determined, RNA was estimated by the orcinol pro- 
cedure (12), and DNA was determined by the diphenylamine 
method (14). The absorbance at 260 my of either cell super- 
natants (‘“‘leakage’’) or cell extracts is expressed as Ago. Analy- 
ses of orcinol reactive material are expressed as the absorbance 
at 660 mu (Aco) and the diphenylamine analyses are expressed 
as the absorbance at 595 my (Aj595)._ All data have been calcu- 
lated as absorbance per mg. dry weight of cells per ml. 


RESULTS 


Leakage from Washed Cells of Material Absorbing at 260 mp— 
Examination of the ultraviolet absorption spectra of the super- 
natant solutions from suspensions of cells in distilled water, 1 
per cent sodium chloride, and distilled water plus spermine or 
putrescine (final concentration 0.5 mm) shows a maximum near 
260 my in each series (Fig. 1). The leakage from cells in dis- 


1The abreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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ABSORBANCE 


260 280 300 320 


WAVELENGTH (mp.) 


Fic. 1. The absorption spectra of supernatant fluids from sus- 
pensions of H. parainfluenzae. Temperature 34°; time of incuba- 
tion, 4 hours; 1 mg. dry weight of cells per ml. Curve 1, distilled 
water; Curve 2, 1 per cent sodium chloride; Curve 8, 0.5 mm pu- 
trescine-2 HCl; Curve 4, 0.5 mm spermine-4 HCl. 


< 

< 

< 
0.4- - 
- 


7.3 7.5 7.7 7.9 8.1 8.3 8.5 


pH 
Fig. 2. The effect of pH on the 260 mu leakage from H. parain- 
fluenzae. Temperature, 37°; time of incubation, 1 hour; 1 mg. dry 


weight of cells per ml. (@——@), suspensions in 0.1 m Tris buf- 
fer; (O——O), suspensions in 0.1 m Tris buffer + 0.5 mm spermine. 


tilled water is decreased somewhat by 1 per cent salt but the 
effect of the salt is not so pronounced as in the Ps. aeruginosa 
experiments where salt blocks essentially all leakage (2). The 
growth factors, spermine and putrescine, are more effective than 
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Fic. 3. The effect of temperature on the 260 my leakage from | 
H. parainfluenzae. Time of incubation, 1 hour; 1 mg. dry weight | 
(@——®@), cells suspended in 0.1 m Tris buffer, | 


of cells per ml. 
pH 8.1; (O——O), suspensions in Tris buffer + 0.5 mm spermine. 
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Fic. 4. The release of 260 my absorbing material from H. para- 
influenzae during 3 hours of incubation at 0° and 37°. 1 mg. dry 
weight of cells per ml. (@——-@), 0.1 m Tris buffer, pH 8.1, at 37°; 
(O——O), Tris buffer + 0.5 mm spermine at 37°; (@-----@), 
Tris buffer at 0°. 


salt in preventing leakage of the 260 my-absorbing materials | 


with spermine possessing the greater activity. 


Effect of pH on Leakage—The pH of the suspending medium } 


markedly influences the amount of 260 my leakage from washed 
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cells. In Fig. 2, leakage over the pH range 7.3 to 8.45 and the 
effect of spermine in reducing the level of 260 my leakage are 
illustrated. Whereas Newton (2) observed a rather sharp pH 
optimum at 5.3 for maximal leakage from Ps. aeruginosa, the 
H. parainfluenzae leakage occurs in the alkaline range with an 
optimal pH of 8.1.- In view of these results the test system 
adopted for further study consisted of washed cell suspensions in 
0.1 m Tris buffer, pH 8.1, and spermine as the antagonist of the 
leakage phenomenon. 

Effect of Temperature on Leakage—The effect of temperature 
on the rate of the leakage reaction was studied over the range 
1 to 55°. Leakage at 1 and 22° is negligible while at physiolog- 
ical temperatures it is very great with the most leakage occurring 
at 37° (Fig. 3); at 55° the rate of leakage is reduced considerably. 
The protective effect of spermine is apparent over the entire 
range of temperatures and 0.5 mm growth factor provides essen- 
tially complete protection against the extensive leakage which 
occurs in its absence at 37°. 

Rate of Leakage in Tris Buffer at 0 and 37°—The rate of the 
leakage reaction was studied at 0 and at 37° to further charac- 
terize the 260 my release and to establish the time required to 
carry the reaction to completion. In Fig. 4 the rate of 260 mu 
leakage at the two temperatures is illustrated and the protection 
afforded by spermine is again demonstrated at each experimental 
point of the 37° time curve. The leakage at 0° is comparable to 
that observed in spermine-protected cells at 37°. 

Origin of Leakage—The data summarized in Table I support 
the concept that cellular RNA is the origin of the 260 my leak- 
After the incubation of the bacteria in Tris buffer, the 260 
my absorption of the cell extracts is lowered, RNA is lost from 
the cells, and the 260 my leakage rises sharply; analysis of the 
incubation medium (‘“‘leakage’’) by the orcinol method reveals 
the presence of pentose in support of the data on RNA degrada- 
tion in the cells. The DNA content of the cells is unchanged sig- 
nifving the inactivity of the DNA-specific enzymes under these 
In the presence of spermine the 260 
mu leakage and the loss of RNA from the cells is substantially 


| reduced. 


In Table II the relative effectiveness of the principal H. para- 


influenzae growth factors as inhibitors of the leakage reaction is 


compared. Spermine is the most effective inhibitor of 260 mu 
leakage from cells that have been harvested from cultures con- 


TABLE I 
Ribonucleic acid as source of 260 mp leakage* 


The bacterial suspensions were prepared and incubated in 0.1 
a Tris buffer, pH 8.1, as described under ‘‘Experimental.” 
Spermine, when added, was present at 0.5 mM. 


Leakage | Cells 
A260 | Assot | (RNA) (DNA) 

Zero time _.... 0.300 | 0.060 5.340 0.515 0.058 
| hour ineuba- | 

tion. 1.670 0.255 3.800 0.345 0.058 
hour | | 

tion + sper- | 

mine. . 0.630 | 0.120 | 5.060 0.440 0.058 


* All data are expressed as absorbance per mg. dry weight of 
cells per ml. 
t Acid soluble orcinol reactive material. 
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TABLE II 


Relative effectiveness of amine growth factors 
as inhibitors of leakage 
Cells harvested from cultures containing either putrescine or 
spermine as the amine growth factor were tested for leakage in 
Tris buffer suspensions as described in Table I. The inhibition 
of the leakage of 260 myu-absorbing materials by the addition of 
0.5 umole of the amines to these suspensions is expressed as the 
per cent decrease in absorbance at 260 my of the cell supernatants. 


Inhibition of leakage 


Cells grown on 


| Spermine Spermidine Putrescine |!> 
| % % % 
Putrescine... 100 92 35 57 
Spermine........ | 92 75 26 54 
TABLE III 


Degradation of RNA in cells incubated in growth media* 


Cells harvested from 18-hour cultures in chemically-defined 
medium (11) were suspended at a concentration of 1 mg. per ml. 
in 5 ml. of fresh media and incubated at 37°. Spermine, when 
added, was present at 0.5mm. Zero time and incubated cell sus- 
pensions were centrifuged and the cells were extracted and an- 
alyzed as described under ‘‘Experimental.’’ 


Cells 
Conditions 
Axo Asso (RNA) | Asos (DNA) 
2 hours’ incubation. . 2.025 0.224 0.045 
2 hours’ incubation + spermine. 3.450 0.440 0.050 
4 hours’ incubation. . 1.530 0.130 0.042 
4 hours’ incubation + spermine . | 2.971 0.340 0.047 


* Absorbance data are expressed as in Table I. 


taining either spermine or putrescine. In general, neither the 
leakage reaction nor the protection against leakage afforded by 
the various growth factors is altered by growing the bacteria on 
spermine-containing media rather than the putrescine-supple- 
mented medium used in all other experiments. The inhibition 
of leakage by the growth factors does appear, however, to be 
slightly less in suspensions of spermine-grown cells. 

Degradation of RNA in Cells Incubated in Growth Medium— 
The extensive breakdown of RNA in bacteria incubated in Tris 
buffer or water might be the result of RNase activation or release 
in cells damaged by exposure to unphysiological conditions. The 
results of experiments in which the degradation of RNA in cells 
incubated under physiological conditions was studied are sum- 
marized in Table III. RNA is lost from cells incubated in the 
synthetic growth medium, and the degradation of RNA is in- 
hibited by spermine although the degree of protection afforded 
by the growth factor is less than that obtained in Tris buffer. As 
in the experiments with Tris buffer, the DNA of the bacteria is 
completely stable either in the absence or the presence of sperm- 
ine. 

Nucleic Acid and Amine Content of H. parainfluenzae—The 
effectiveness of spermine in reducing RNA degradation in bac- 
teria incubated in the culture medium suggested that growing 
cells might retain high levels of growth factor when the nucleic 
acid content of the cells was high. Cultures grown in synthetic 
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TABLE IV tion. Cells which have leaked, however, are viable and no evi- 
Amine and nucleic acid content of H. parainfluenzae at various dence has been obtained in our laboratory to support the concept 
stages of growth* that the growth factors are essential for the maintenance of a 


Five volumes of 300-ml. of defined growth medium were inocu- viable inoculum. Mager (15), on the other hand, working with 
lated with an equal amount of logarithmic phase inoculum and a__—~Pasteurella tularensis has reported that spermine, which stimu- 
single volume of 300 ml. was centrifuged after 8, 14, 25, 36, and 50 _—_Jates the growth of this organism, will protect cell suspensions in 
hours’ incubation at 34°. Total growth factor was determined water against a loss of viability. Similar protection was afforded 
by microbiological analysis (11) of HCl-hydrolyzed cells while by 0.1 m sodium chloride and it is concluded that osmotic de- 
on cell extracts by the proce-  ctruction of the cells could be controlled by polyamines or by 

increasing the ionic strength of the medium; the mechanism of 


If one accepts the apparent equivalence of the diamines and poly- 
medium containing putrescine were harvested at 8, 14, 25, 36, amines as growth factors, it is then necessary to conclude that 
and 50 hours and analyzed for putrescine, RNA, and DNA _ the RNase reaction is not the site of the essential amine activity. 
(Table IV). The maximal RNA, DNA, and putrescine concen- Regardless of the physiological significance of the polyamine . 
trations were demonstrated in the 8-hour cells. The 14-hour log — effect on nucleic acid degradation, the reaction of the amines [| , 
phase cells had an equally high RNA content, but DNA and with bacterial nucleic acid is extensive and capable of diverting | 
putrescine were decreasing rapidly. The data illustrate a gen- an enzymatic activity. It is likely, therefore, that other reac- | 
eral pattern of high nucleic acid content and growth factor stor- tions of the nucleic acids might be influenced by the presence of ) 
age in young cells and lower levels of all components in older the diamines and polyamines. Ames et al. (17) have reported | | 
cells with the minimal concentrations in 50-hour (stationary that putrescine, spermine, and spermidine are present in phage : 


Time RNA DNA Growth factort the amine and ion effects is considered to be different. 
The relatively low activity of the diamines, putrescine and 
8 1151 0.152 0.0317 1 ,3-propanediamine, in preventing the degradation of RNA is 
; surprising since these diamines and spermine have equivalent 
14 1.095 0.111 0.0230 
25 0.870 0.113 0.0143 activity as growth factors for H. parainfluenzae (11). We have 
236 0.712 0.102 0.0134 been unable to demonstrate a conversion of diamine to poly- 
50 0.519 0.098 0.0083 amine by this organism (16) and it is extremely unlikely, in view : 
of the relatively high concentration of spermine employed to , 
* Absorbance data are expressed as in Table I. prevent leakage, that trace quantities of polyamine synthesized | | 
{ Cells grown under these conditions contain putrescine (15). from a diamine precursor would be effective in growing cultures, |, 


phase) cells. T,; of E. colt B in quantities sufficient to neutralize most of the | 
DISCUSSION viral DNA. Our studies appear to implicate bacterial RNA 


rather than DNA as the reactive site of spermine; however, | 
spermine will also inhibit the degradation of DNA by DNase in © 


These experiments illustrate a pronounced effect of H. parain- | 
( 
purified systems (9, 10). Furthermore, the putrescine storage in 
( 


fluenzae growth factors, and especially spermine, in stabilizing 
the RNA of buffered cell suspensions or of bacteria suspended in 
the normal growth medium. The significance of this polyamine 
inhibition of the degradation of RNA by the bacterial RNase | 
remains to be explored and defined. A related investigation in SUMMARY 
our laboratory has established that all of the growth factor in Washed cells of Hemophilus parainfluenzae lose acid soluble | 
H. parainfluenzae cells can be precipitated as a nucleic acid-amine materials that absorb at 260 my and react with orcinol during | 
complex (9, 10). This observation and the effect of polyamine incubation in water, tris(hydroxymethyl)aminomethane buffer, | 
as an inhibitor of RNA breakdown seem indicative of an essential or growth medium deficient in diamine or polyamine growth fae- | 
role of the growth factors in nucleic acid metabolism. If the tor. The greatest loss occurs at 37° and at pH 8.1 while little or | 
role of the growth factors is that of a protector or stabilizer of — no loss is observed at a low temperature or low pH. The phe- 
RNA during the lag or early log phase of growth, then the cells nomenon is a consequence of the enzymatic breakdown of cellu- 
incubated in buffer or growth medium without the growth factor lar ribonucleic acid. It is prevented by the growth factor, 
might be damaged or destroyed by the extensive RNA degrada- — spermine. 


H. parainfluenzae is not exclusively as an RNA complex but 
rather as both DNA-amine and RNA-amine complexes (9, 10). 
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Of the seven T bacteriophages which multiply in the Escher- 
ichia coli strain B, the T-even phages (T2, T4, and T6) possess a 
unique pyrimidine constituent which has not yet been found in 
any Other natural source. This pyrimidine, 5-hydroxymethyl- 
cytosine, appears to occur in phage deoxyribonucleic acid to the 
complete exclusion of cytosine in these phages (1). Its presence 
in the viral deoxyribonucleic acid, and its absence in the nucleic 
acids of the host organism, raises the questions of the mode of 
formation of this pyrimidine and the metabolic alterations which 
direct its synthesis within the virus-infected cell. Investigations 
in this laboratory directed toward the first of these questions 
have shown that cytosine derived from host deoxyribonucleic 
acid is one precursor of the pyrimidine ring portion, while the 
hydroxymethyl group can be derived from the 6-carbon atom 
of serine (2), a known donor of formaldehyde and hydroxy- 
methyl groups (3, 4). 

This paper reports the presence of an enzyme, deorycytidylate 
hydrorymethylase, in extracts of cells of /. coli infected with any 
of the T-even bacteriophages. The enzyme catalyzes the addi- 
tion of a molecule of formaldehyde to the 5-position of deoxy- 
evtidylate in the presence of tetrahydrofolic acid to yield 5- 
hvdroxymethyldeoxycytidylic acid. This reaction has some 
similarities to the reaction leading to the synthesis of thymidylic 
acid from deoxyuridylic acid, first reported by Friedkin and 
Kornberg (5). Some studies on the presence of the latter enzyme 
system,! designated as thymidylate synthetase in extracts of 
infected cells, are also reported here. Subsequent papers will 
deal with the question of the appearance and levels of these 
enzymes within the virus-infected cell. 

A preliminary account of this work has appeared (6). 


EXPERIMENTAL 


Chemicals—Deoxycytidylate, deoxycytidine, deoxyuridine, 
thymidylic acid, and thymidine were obtained from the Cali- 
fornia Corporation for Biochemical Research. Uridylic and 


* This study has been aided by a grant from the Commonwealth 
Fund. 

+ This research was carried out in part during the tenure of a 
Postdoctoral Research Fellowship from the Damon Runyon Me- 
morial Fund for Cancer Research. 

! Thymidylate synthetase has not yet been sufficiently purified 
to permit the conclusion that the addition of formaldehyde to 
deoxyuridylate and its reduction to form the methyl group of 
thymidylate is effected by a single enzyme. The term ‘‘thymi- 
dylate synthetase”’ is therefore a temporary designation of a sys- 
tem which effects these activities, and which may be the function 
of several enzymes. The system would, however, appear to be 
distinct from a transmethylase. 
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cytidylic acids were products of Pabst Laboratories. The 5- 
fluorouracil and its deoxyribose derivative were kindly supplied 
by Dr. R. Duschinsky of the Hoffmann-LaRoche Company. 
5-Fluorodeoxycytidine was a gift of Dr. J. J. Fox of the Sloan- 
Kettering Division of the Cornell University Medical College, 
and was converted to the nucleotide by enzymatic transphos- 
phorylation in this laboratory by Dr. M. R. Loeb. 
Tetrahydrofolate was prepared by hydrogenation of folic acid 
by the method of Kisliuk (7) and stored in a vacuum, in the 
dark at —20°. Samples were weighed out just before their use 
and dissolved in 0.1 M potassium phosphate buffer, pH 7.0. 
Formaldehyde-C" (Isotopes Specialties Corporation) was diluted 
to a specific activity of 23,000 ¢.p.m. per umole for use in the 
assay of deoxycytidylate hydroxymethylase, and to a specific 
activity of 79,000 ¢.p.m. per umole for use in the assay of the 
thymidylate synthetase. The radioactivity of the formaldehyde 
was assayed after adding diluted aliquots to a 10-fold excess of 
a dimedon solution on a copper planchet followed by slow evap- 
oration to dryness. The concentration of the formaldehyde was 
determined by the chromotropic acid procedure (8). 
Deoxyuridylate—This was prepared from deoxycytidylate by 
deamination with nitrous acid (9), modified by allowing the 
deamination to proceed at room temperature for 24 hours, at 
which time it was almost complete. Three 50-mg. samples were 
separately deaminated under these conditions, and 2.2 gm. of 
urea were added to each vessel to destroy the excess nitrite. 
The solutions were combined and the pH was adjusted to 9 with 
concentrated ammonium hydroxide. Barium acetate, 3 ml., 
1 mM, was added, followed by 6 volumes of 95 per cent ethanol. 
After chilling overnight, the crude barium salt of deoxyuridylate 
was collected by centrifugation, washed twice with acetone, once 
with ether, and dried in air. This precipitate was further purified 
to eliminate traces of deoxycytidylate and particularly barium 
nitrite, the latter being inhibitory to the thymidylate synthetase? 
The crude barium salt was extracted twice with 20-ml. portions 
of water and finally with a 10-ml. portion of water. The com- 
bined extracts were adjusted to pH 9 with N ammonium hydrox- 
ide, diluted to 100 ml., and passed through a Dowex 1l-acetate 
column (20 ml. resin bed; 6.4 « 2.0 cm. diameter). Elution of 
the column was begun with 0.1 N ammonium acetate, pH 4.2, 
and after 7 resin bed volumes the residual deoxycytidylate (about 
5 per cent of the total nucleotides) began to be eluted. Elution 
with this solution was continued until 20 resin bed volumes has 


2 It has been reported that deoxyuridine is methylated to thymi- 
dine in the presence of ATP more readily than is deoxyuridylate. 
It is not possible to assess the purity or possible inhibitory quality 
of the deoxyuridylate used from these reports. 
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passed through the column. Elution was then continued with 
0.3 M ammonium acetate, pH 4.2, with the deoxyuridylate being 
eluted between 4 and 18 resin bed volumes of eluant. The 
pooled fractions containing the deoxyuridylate were neutralized 
with concentrated ammonium hydroxide, and the volume was 
reduced to 10 ml. with reduced pressure. Barium acetate, 2 
ml., 1 mM, was added, followed by 8 volumes of ethanol. After 
the system had been immersed in an ice bath for 4 hours, the 
barium salt of deoxyuridylate was collected by centrifugation, 
washed with acetone and ether as above, and dried in air. A 
reprecipitation of the barium salt from 8 ml. of water with 4 
volumes of ethanol yielded a barium salt of 73 per cent purity 
based on a molecular weight of 444 for barium deoxyuridylate, 
with an over-all yield of 70 per cent based on the starting deoxy- 
cytidylate. 

Growth of Bacteria and Preparation of Cell-free Extracts—Cells 
of FE. colt strain B were grown with vigorous aeration to 2 x 108 
cells per ml. on the mineral media described previously (10), in 
the presence of 1 mg. of glucose per ml. The cells were harvested 
by centrifugation and resuspended at a concentration of 1 x 10° 
cells per ml. in the medium from which they were harvested. 
Glucose was added to a level of 3 mg. per ml., and the cells were 
aerated at 37°. Unless otherwise stated, 60-ml. aliquots of this 
cell suspension were infected with bacteriophage at a ratio of 
virus to bacteria of 4 or 5 to 1, and incubation with aeration was 
continued for 15 minutes at 37°. The cells were then rapidly 
chilled, harvested by centrifugation, and ground with 0.5 gm. 
of alumina (Alcoa A-301). The ground paste was extracted 
with 5 ml. of water to extract the equivalent of cells from 60 ml. 
of the suspension at 1 x 10° cells per ml. The extracts were 
clarified by centrifugation at 5,000 r.p.m. for 15 minutes. Ex- 
tracts from uninfected organisms were prepared in the same way. 
Where phages T4 and T6 were used as the infectious agents, 50 
wg. per ml. of pi-tryptophan were added as virus adsorption 
cofactor at the time of infection. The virus stocks were prepared 
as described previously (11). They were assayed for infectivity 
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Fic. 1. Assay system for deoxycytidylate hydroxymethylase. 
The curve represents the fixation of formaldehyde-C" into acid 
stable, nonvolatile form as a function of protein concentration. 
The conditions are those of the hydroxymethylase assay system. 
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by the agar layer technique (12), and for DNA content by the 
diphenylamine procedure (13). 

Deoxycytidylate Hydroxymethylase Assay—In a total volume of 
0.5 ml. were added: 20 umoles of potassium phosphate, pH 7.0; 
2.5 umoles of formaldehyde-C™, specific activity of 23,000 c.p.m. 
per umole; 0.45 umole of tetrahydrofolate; 5 uwmoles of magne- 
sium sulfate; 2.5 uwmoles of deoxycytidylate; enzyme. As will 
be noted below, these substrate concentrations permitted maxi- 
mal rates of reaction. The reagents were added in the order 
indicated to allow formation of the formaldehyde-tetrahydro- 
folate complex (7). A blank was also run in which the deoxy- 
cytidylate was omitted. 

The significance of the small amounts of formaldehyde fixed 
in the blanks will be considered below. The vessels were incu- 
bated for 20 minutes at 37°, and the reaction was terminated by 
the addition of 0.5 ml. of 10 per cent trichloroacetic acid. After 
removal of the protein by centrifugation, an aliquot of 0.5 ml, 
was added to 0.5 ml. of n hydrochloric acid containing 1 per 
cent ferric chloride. The vessels were heated at 100° for 20 
minutes to destroy the formaldehyde-tetrahydrofolate complex. 
Aliquots of 0.05 ml. were then plated in the presence of 1 n 
hydrochloric acid on copper planchets, dried under an infrared 
lamp, and counted in a gas flow counter to 5 per cent statistical 
error. A unit of activity is defined as that amount of enzyme 
which fixes 0.01 umole of formaldehyde-C™ into acid-stable 
nonvolatile form in 20 minutes. Specific enzyme activity is 
reported as units per mg. of protein. 

Assay for Thymidylate Synthetase—The assay procedure is 
identical to that for the deoxycytidylate hydroxymethylase 
activity with the substitution of 1.0 umole of deoxyuridylate for 
the deoxycytidylate, and the use of formaldehyde-C" of specific 
activity of 79,000 c.p.m. per umole. This use of formaldehyde 
of high specific activity is necessitated by the lower activity of 
the synthetase as contrasted to the hydroxymethylase. Units 
of activity and specific activity are the same as that defined 
above. 

Other Assay Procedures—Phosphorus was determined by the 
procedure of King (14). Deoxyribose was estimated by the 
tryptophan-perchloric acid method, adapted for pyrimidine 
nucleotides by heating for 50 minutes (15). Protein was esti- 
mated by the procedure of Lowry et al. (16). 


RESULTS 


Hydroxymethylase Activity in Virus-infected and -Uninfected 
Extracts—Fig. 1 presents the results of an assay for the hydroxy- 
methylase in extracts prepared from infected and from unin- 
fected cells. T6r+ was used as the infecting phage in this experi- 
ment. The fixation of formaldehyde-C™ into an acid-stable, 
nonvolatile form is proportional to the protein concentration 
when an extract from infected cells is employed. There was no 
detectable fixation of formaldehyde when an extract from unin- 
fected cells was used. However, in other experiments, low orders 
of formaldehyde fixation have been obtained when uninfected 
cell extracts were employed as the source of enzyme. Since 
large scale experiments with these extracts have failed to reveal 
significant formation of 5-hydroxymethyldeoxycytidylate it has 
been concluded that the low orders of activity revealed by the 
present assay procedure arise from the presence of other sub- 
strates in the extract, e.g. glycine conversion to serine. It has 
been our experience that both assays show an error of +5 to 10 
per cent in the cases of high orders of activity, and an error of 
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+10 to 15 per cent in cases of low orders of enzymatic activity. 
When low activity is encountered we have attempted isolation 
of the products of the reaction. Although the assay procedure 
for the thymidylate synthetase reveals low levels of activity 
when extracts from uninfected bacteria are employed, isolation 
of the products of the reaction in this case reveals the synthesis 
of thymidylate. This is in contrast to the absence of 5-hydroxy- 
methyldeoxycytidylate when deoxycytidylate is the substrate 
for extracts of uninfected bacteria. 

Fig. 2 represents the elution patterns of the reaction mixture 
when chromatographed on Dowex l-acetate columns. The 
upper curve represents an incubation with an extract of infected 
bacteria (T6+) while the lower curve illustrates an incubation 
with an extract of uninfected cells. The assay procedure was 
scaled up 20-fold, incubated for 30 minutes, and the reaction 
terminated by the addition of 2.5 ml. of 20 per cent perchloric 
acid. After removal of the precipitated protein, the pH of the 
supernatant fraction was adjusted to 8 with KOH, and the frac- 
tion refrigerated overnight to precipitate KCIO,. After centrif- 
ugation, the supernatant fraction was adjusted to pH 9 with 
ammonium hydroxide and passed through a Dowex 1-acetate 
column (10 X 0.9 cm. diameter) followed by elution with the 
solvents shown. With the extract obtained from uninfected 
cells no detectable fixed formaldehyde could be found in the 
region of elution corresponding to the cytidylic acids. With the 
extract from infected cells, a new peak was eluted immedi- 
ately following deoxycytidylate. The ratio of C™ to ultraviolet 
absorption in this material was found to be approximately 1:1. 
This peak has been characterized as containing 5-hydroxymethyl- 
deoxycytidylate as shown below, and accounted for 82 per cent 
of the fixed radioactivity. Within the counting error encoun- 
tered in this assay, it can be calculated that the extract of unin- 
fected bacteria contains as a maximum 0.5 per cent of the hy- 
droxymethylase activity of that found in an extract of bacteria 
infected with a T-even virus. 

On continued elution with 0.3 mM ammonium acetate (pH 4.2), 
of the column containing the reaction mixture from the infected 
bacterial extract, a further 10.2 per cent of the fixed radioactivity 
was recovered in a fraction representing uracil and thymine 
nucleotides. No evidence for such a peak was obtained in the 
incubation mixture containing the extract of uninfected cells. 

Activity with Other T-even Bacteriophages—The hydroxy- 
methylase has been found in extracts of infected cells when any 
of the phages containing 5-hydroxymethylcytosine in their DNA 
were used as the infectious agent. Thus, T2r+, T4r+, T4r, and 


T6r+ gave 12.2, 11.2, 8.6, and 11.1 units of enzyme activity per 


mg. protein (against a control value of 0.05) under comparable 
conditions. In general, slightly higher levels of activities have 
been found on infection with T2r+. Somewhat lower activities 
have routinely been found on infection with r strains, and this 
is most probably related to a greater proportion of the infected 
cells lysing during the infection period than is the case with r+ 
strains. The results of experiments employing viruses which do 
not contain 5-hydroxymethylcytosine in their DNA have shown 
that significant levels of the hydroxymethylase do not occur in 
such infected cells (17). 

Requirements for Reactions—Table I presents the results of an 
experiment dealing with the requirements for formaldehyde-C" 


fraction, containing deoxyuridylate, 5-hydroxymethyl- 
deoxyuridylate, and thymidylate, has been separated and charac- 
terized, and the results will be reported in a subsequent paper. 


J.G. Flaks and S. S. Cohen 
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Fic. 2. Isolation of products of hydroxymethylation of deoxy- 
cytidylate on Dowex l-acetate. The upper curve represents the 
reaction catalyzed by an infected bacterial extract (T6r*), and 
the lower curve an uninfected extract. Details are described in 
the text. The shaded area represents fixed radioactivity. dHMP, 
5-Hydroxymethyldeoxycytidylate; d in combination with other 
abbreviations, deoxy. 


TABLE I 
Requirements for fixation of formaldehyde-C"* 

The complete system contained the components and their re- 
spective concentrations as given in each of the two enzyme assay 
procedures. The enzyme in each case was 2.1 mg. of protein from 
an extract of T2r* infected cells. All other conditions are those 
described under ‘“‘Experimental”’ for the enzymatic assays. 


Formaldehyde-C"™ fixed per 
0.5 ml. 
Incubation system 
methylase | ‘synthetase 
assay assay 
pmole pmole 
Complete minus Tetrahydrofolate.......| 0.005 0.008 
Complete minus deoxycytidylate or de- 
Complete minus enzyme................ 0.009 0.007 


fixation with both deoxycytidylate and deoxyuridylate as sub- 
strates. The enzyme used was an extract prepared from T2r+ 
infected cells. An almost absolute requirement exists for the 
presence of tetrahydrofolate which cannot be replaced with 
either dihydrofolic or folic acids. Treatment of the enzyme 
extract with Dowex 1-chloride resin before assay for activity has 
shown lower values for the amount of C™ fixed when the respec- 
tive nucleotide substrates are omitted, suggesting that the resin 
acts by removing endogenous deoxycytidylate and deoxy- 
uridylate from the enzyme with little if any endogenous tetrahy- 
drofolate being present. With deoxycytidylate as the substrate, 
the amount of C" fixed is greater than the amount of tetrahydro- 
folate present, suggesting a catalytic function for the folic acid 
derivative. This is based upon the assumption that the tetra- 
hydrofolate prepared by catalytic hydrogenation is a racemic 
mixture of which only one isomer is enzymatically active. The 
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assay procedure as described shows a proportionality for the 
formaldehyde fixed as a function of enzyme protein added. 
Under these conditions the substrates deoxycytidylate and 
formaldehyde are in considerable excess, maximal concentrations 
being 2.5 X 10-*and 2 x 10-*M, respectively. Tetrahydrofolate 
however, has been added at levels which are not quite maximal, 
since increased amounts of this component will raise the blank 
values with a reduction in the sensitivity of the assay procedure. 
Thus on lowering the concentrations, the reaction becomes 
proportional to this constituent. We have thus far been unable 
to demonstrate a catalytic effect with lower levels. 

There is no absolute requirement for magnesium ions, nor is 
a stimulation obtained on addition of Mg++ when cell-free ex- 
tracts are used as the enzyme source. However, with prepara- 
tions purified 4- to 8-fold a stimulation of the order of 50 per 
cent has occasionally been observed with added Mg ions. 

Tissue systems catalyzing serine formation from glycine and 
formaldehyde require pyridoxal phosphate (18), an effect which 
we have also observed with these FZ. coli extracts. However 
there is no effect of pyridoxal phosphate on either of the nucleo- 
tide reactions studied here. 

Specificity and Stability of Hydroxymethylase—Fixation of 
formaldehyde has not been observed when deoxycytidylate is 
replaced by cytidylic acid (2 X 10-? mM), deoxycytidine (5 x 10-3 
M), cytidine (1 10°? mM), or cytosine (1 10-2 At the 
same concentrations these compounds are neither inhibitory 
when added with deoxycytidylate as the substrate under the 
regular assay conditions, nor when they are incubated with the 
enzyme before the addition of deoxycytidylate. Several pos- 
sible analogues have been tested and found to be without effect 
either as substrates or inhibitors of the reaction. These include 
5-fluorodeoxycytidylate (5 x 10-* mM), 5-fluorodeoxyuridylate 
(1 10-* m), 5-fluorodeoxyuridine (4 10-* m), 5-fluorouracil 
(4 10-3), 5-fluorouridylate (2 10-3 m), and 5-bromodeoxy- 
uridylate (2 10-4 M). 

The enzymatic activity of cell-free extracts is stable at 4° for 
3 to 4 days, and for at least 2 weeks in buffered extracts. 90 
per cent of the activity is lost on heating the extract to 55° for 
3 minutes, and all activity is lost after 3 minutes at 70°. 

Isolation and Characterization of 5-Hydroxymethyldeorycy- 
tidylate—In experiments reported earlier (6) the products of the 
reaction catalyzed by the hydroxymethylase were separated on 
Dowex l-acetate columns directly after deproteinization. Under 
these conditions 60 per cent of the isotope fixed was accounted 
for as 5-hydroxymethyldeoxycytidylate and its separation from 
deoxycytidylate was almost complete. For larger scale prepara- 
tion the procedure has necessitated the modifications described 
below. 

The hydroxymethylase assay system was scaled up 150-fold 
to a final volume of 75 ml., and modified by the use of one-half 
of the previously employed concentration of deoxycytidylate. 
Formaldehyde of a specific activity of 890 ¢.p.m. per umole was 
used, and 2300 units of enzyme were added. Incubation of the 
reaction mixture was carried out at 38° for 40 minutes at which 
time the reaction was terminated by the addition of 5 ml. of 50 
per cent trichloroacetic acid. After removal of the denatured 
protein by centrifugation, two aliquots of 0.5 ml. were removed 
and treated as in the regular assay procedure to determine the 
fixed C4“. A total of 49.2 wmoles of C™-formaldehyde or 10.5 


per cent of the total isotope was fixed. The residual protein- 
free reaction mixture was then adjusted to pH 4 and passed 
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through a Norit-Celite column (3.5 1 cm. diameter) as de. 
scribed by Pontis et al. (19). The column was successively 
eluted, under pressure, with 80 ml. of water, 60 ml. of Versene 
(ethylenediaminetetraacetate) (0.01 m, pH 7.0), and 32 ml. of 
50 per cent ethanol. The water fraction was discarded, and the 
Versene and ethanol fractions combined, the latter two account- 
ing for 83 per cent of the fixed C'*. The combined fractions were 
adjusted to pH 9 with concentrated NH,OH, diluted to 300 ml, 
with water, and passed through a Dowex 1-acetate column (11 x 
0.9 cm. diameter). The column was successively eluted with 
100-ml. portions of 0.01 n NH,OH and water, followed by 200 
ml. of 0.01 mM ammonium acetate, pH 4.2. This last fraction 
contained the nucleosides and accounted for 11.8 wmoles of fixed 
C4 (24 per cent). Elution of the column was started with 0.06 » 
ammonium acetate, pH 4.2, and removal of deoxycytidylate 
from the column started after 105 ml. passed through it. Mid- 
way through the elution of deoxycytidylate, fixed radioactivity 
began to be eluted. This represented 5-hydroxymethyldeoxy- 
cytidylate, and the elution was continued with the 0.06 m buffer 
until the elution was completed. The combined fractions con- 
taining radioactivity had 23.2 uwmoles of fixed C™ (47 per cent), 
with a total nucleotide content estimated to be about 60 umoles 
by ultraviolet absorption at 280 my. Further elution of the 
column with 0.3 M ammonium acetate yielded a peak whose 
fractions contained uracil and thymine nucleotides, and which 
accounted for 3.5 wmoles of fixed C™ (7 per cent). 

Complete separation of deoxycytidylate and 5-hydroxymethyl- 
deoxycytidylate was effected by twice repeating the ion-exchange 
chromatography procedure described above with Dowex 1- 
acetate. The nucleotide thus obtained was free from deoxy- 
cytidylate as judged by further ion exchange chromatography 
on Dowex 1 and by chromatography on paper of the nucleoside 
obtained by dephosphorylation with alkaline phosphatase (20). 
The purified fractions were combined, yielding a total of 19.3 
umoles of fixed C™ (39 per cent), and the volume was reduced to 
15 ml. under reduced pressure at 40°. The pH was adjusted to 
8.0 with 4 n NH,OH, and 0.1 ml. of 1 m barium acetate followed 
by 60 ml. of ethanol were added. After refrigeration overnight, 
the precipitate was collected by centrifugation, washed twice 
with acetone followed by ether, and dried in a vacuum over 
phosphorous pentoxide. A yield of 10.6 mg. of the barium salt 
was obtained, containing 18.4 wmoles of fixed formaldehyde-C" 
(37 per cent). On the basis of a molecular weight of 473 for 
barium 5-hydroxymethyldeoxycytidylate, the sample obtained 
was 82 per cent pure by dry weight. 

The analytical values obtained with this sample are: deoxy- 
ribose, 0.91, and fixed C™, 0.94, moles per mole of organic phos- 
phate. A previous isolation of the nucleotide, not involving 
the formation of the barium salt, yielded analytical ratios for 
fixed C'4:5-hydroxymethyleytosine:organic phosphate of 0.97: 
1.0:1.0 (6). The content of inorganic phosphate was a maximum 
of 2 per cent that of the organic phosphate. 

The ultraviolet absorption spectra at pH 1.0, 7.0, and 13.0 are 
shown in Fig. 3. The Eoego/F260 and E250/E260 ratios at pH 1.0 
are 2.68 and 0.44, respectively. At pH 7.0 and 13.0 the absorp- 
tion spectra are almost identical, with the exception of the range 
between 230 and 240 mu. The effect of alkali in this range is 
very much less than that observed earlier for 5-hydroxymethyl- 
deoxycytidine, which had been purified entirely by paper chro 
matography (21). The isosbestic point for these absorption 
curves lies at 269 mu. 
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Fic. 3. Ultraviolet absorption spectra of 5-hydroxymethyl- 
deoxycytidylate. The extinction values at the maxima and min- 
ima, based on the organic phosphate content, are: maxima, pH 
1.0, €283-284 = 11.2 K 108, pH 7.0 and 13.0, €275 = 7.71 X 10%; minima, 
pH 1.0, e245 = 1.32 X 10%, pH 7.0 and 13.0, €253 = 4.68 X 103. 

Note added in proof: We have reported earlier (6) an extinction 
coefficient at 283 to 284 mu of 11.7 X 10? at pH 1. More recently 
significantly higher values than even this have been obtained in 
this laboratory. 


5-Hydroxymethyldeoxycytidylate is stable when stored as the 
barium salt, and aqueous solutions are stable if stored frozen at 
neutral or slightly acid pH’s. A loss of 13 per cent of the fixed 
radioactivity was encountered on prolonged storage of an alkaline 
solution, and attempts to determine the isotope content by plat- 
ing alkaline solutions followed by drying with an infrared lamp 
have invariably resulted in marked losses of the fixed C™. 

Conversion of 5-Hydroxymethyldeoxycytidylate to Nucleoside and 
Free Base—Dephosphorylation of 5-hydroxymethyldeoxycyti- 
dylate to the deoxynucleoside was carried out by incubating 
3 umoles of the nucleotide for 1 hour at 38° with 10 units of 
alkaline phosphatase (20) in the presence of 0.01 M glycine buffer, 
pH 9.0, and 0.01 m magnesium chloride. Dephosphorylation 
was complete in this time as judged by paper chromatography 
of the reaction products. In all of the solvent systems, the 
dephosphorylated nucleotide showed an R, identical to that of 
a sample of 5-hydroxymethyldeoxycytidine isolated from T-even 
virus DNA (21). 

The Ry values of 5-hydroxymethyldeoxycytidine, deoxy- 
cytidine, and 5-methyldeoxycytidine in three different solvent 
systems are given in Table II. 


The product of dephosphorylation, after migration in solvent — 


system 1, was eluted as was a paper blank. The radioactivity 
of the product and spectrum of product and blank were deter- 
mined. The extinction coefficient employed was that of the 
nucleotide. The compound had a specific activity of 791 ¢.p.m. 


per umole, or 89 per cent that of the nucleotide. 

Acid hydrolysis of 5-hydroxymethyldeoxycytidylate was 
carried out in sealed tubes with 6 N hydrochloric acid (22). 
The free base obtained was identical to synthetic 5-hydroxy- 
methyleytosine, and different from either cytosine and 5-methyl- 
cytosine when chromatographed on paper in the four solvent 
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TABLE II 
Paper chromatography of cytosine derivatives 


Rr values in various solvent systems 


Compound 
3t 4§ 54 
5-Hydroxymethyldeoxycyti- 

0.24 | 0.60 | 0.538 
5-Methyldeoxycytidine. .... 0.30 | 0.62 | 0.60 
5-Hydroxymethyleytosine...... 0.13 0.44 0.13 | 0.25 
0.22 0.50 0.23 | 0.32 
5-Methyleytosine.............. 0.29 0.54 0.29 | 0.37 


* n-Butanol:5 per cent ammonia (23). 

t 95 per cent ethanol:5 per cent sodium acetate, pH 3.5, 84:16 
(21). 

t Isopropanol:conc. hydrochloric acid: water, 68:16.4:15.6 (24). 

§ n-Butanol: water, 86:14. 

€ Isopropanol: water:concentrated ammonia, 85:15:1.3 (22). 


systems given in Table II. In all of the solvent systems tested, 
the order of migration was 5-methyleytosine > cytosine > 5- 
hydroxymethyleytosine. This same relationship holds true for 
the corresponding deoxynucleosides in their solvent systems. 


DISCUSSION 


The reaction described provides a pathway for the formation 
of 5-hydroxymethyleytosine, an event crucial for the synthesis 
of T-even virus DNA in the infected host cell. Previous work 
from this laboratory suggested the possibility that the reaction 
was a hydroxymethyl group transfer (2). The data reported 
here confirm this suggestion. It had been demonstrated in this 
laboratory that the hydroxymethylation did not proceed at the 
nucleoside or free base level; this paper demonstrates that the 
reaction occurs at the level of the deoxynucleoside 5’-phosphate. 
It is also evident from the results that the amount of the hydroxy- 
methylase in uninfected cells of FE. coli, is very low if it does occur 
at all, and is insufficient to account for the marked synthesis of 
5-hydroxymethyleytosine that proceeds during viral infection. 
Studies bearing on this latter question of the amount of the 
enzyme and the mechanism of its appearance in infected cells 
are presented in the following paper (17). 

The reaction bears some similarities, and differences, to the 
reaction involved in thymidylic acid formation (5). The single 
carbon precursor is the same in both cases, its addition to the 
pyrimidine ring occurs at the 5-position with both, and in each 
there is an absolute requirement for tetrahydrofolate, similar to 
many other single carbon transfer reactions at the oxidative 
level of formaldehyde and formate. Also, neither reaction ap- 
pears to have a pyridoxal phosphate requirement as is the case 
with the hydroxymethylation leading to serine synthesis (18). 
Differences in the reactions lie in the nucleotide substrates, in 
the reduction of the hydroxymethyl group to a methyl in the 
case of thymidylate formation, and to the apparent requirement 
for tetrahydrofolate in catalytic amounts in the hydroxymethyl- 
ase-catalyzed reaction. Evidence has been obtained to show 
that separate enzymes are involved in the formation of both 
nucleotides. In addition the enzyme involved in the synthesis 
of thymidylate is specifically inhibited by 5-fluorodeoxyuridine 

‘-phosphate (25). 
These reactions may also suggest possible pathways for the 
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formation of another methylated pyrimidine, 5-methylcytosine, 
which has been shown to occur in various DNA’s (26), and in the 
RNA of E. coli (27). The pyrimidine might arise via an amina- 
tion reaction involving a thymine derivative, or conceivably via 
a reaction similar to that involved in the formation of thymid- 
ylate but with a cytosine derivative as substrate. 


SUMMARY 


An enzyme, deoxycytidylate hydroxymethylase, has been 
found in cells of Escherichia coli infected with a T bacteriophage 
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In a preceding paper evidence was presented for the existence 
of an enzyme which catalyzes the formation of 5-hydroxy- 
methyldeoxycytidylic acid from deoxycytidylic acid and form- 
aldehyde (1, 2). This enzyme, deoxycytidylate hydroxymeth- 
ylase, is present in extracts prepared from cells of Escherichia 
coli previously infected with a bacteriophage whose deoxyribo- 


nucleic acid contains 5-hydroxymethylcytosine; i.e. one of the 


T-even bacteriophages. 

_ We have begun to investigate the problem of the origin of the 
hydroxymethylase, an enzyme essential for the synthesis of this 
unique viral component. Evidence presented in this paper 
strongly suggests that the enzyme arises within the host cell via 
synthesis de novo of protein shortly after the injection of viral 
deoxyribonucleic acid. It has also been found that induction of 
enzyme synthesis can occur independently of the over-all proc- 
ess of virus replication within the infected cell, although of 
necessity it must precede viral DNA formation. 

A preliminary account of this work has appeared (3). 


EXPERIMENTAL 


Methods and Materials 


Growth of Bacteria, Virus Infection and Preparation of Extracts 
—The inorganic salts-glucose medium used for bacterial growth 
has been described previously (4). All the bacterial strains em- 
ployed here were grown with vigorous aeration at 37° to 2 x 108 
cells per ml. in media containing 1 mg. of glucose per ml. The 
cells were chilled, harvested by centrifugation, and resuspended 
in the same medium at a concentration of 1 x 10° cells per ml. 
Glucose was added ‘to a final concentration of 3 mg. per ml. 
In general, 60-ml. aliquots of this cell suspension were used for 
viral infection and the preparation of each extract. The cells 
were brought to 37° and infected at a ratio of virus to bacteria 
of 4to5. In eases of infection with phages T4 and T6, p1-tryp- 
tophan as an adsorption cofactor was added at a level of 50 ug. 
per ml. Unless otherwise stated, the infected cells were incu- 
bated for 15 minutes with vigorous aeration, quickly chilled, and 
harvested by centrifugation. Cell pellets were then ground 
with 0.5 gm. of alumina (Alcoa, A-301) and extracted with 5 ml. 


* This research was aided by a grant from the Commonwealth 
Fund. 

+ This work was carried out in part during the tenure of a Post- 
doctoral Research Fellowship of the Damon Runyon Memorial 
Fund for Cancer Research, Inc. 


1507 


of cold water. The extract was clarified by centrifugation for 
15 minutes at 5000 r.p.m. | 

Disruption of Virus—Concentrated suspensions of T2r+ (4.6 x 
10” particles per ml.) in 2.0 m sodium sulfate were disrupted by 
osmotic shock (5). Purified ghosts, freed from detectable DNA 
by deoxyribonuclease, were prepared from osmotically disrupted 
phage (6). The killing efficiency of ghosts on cells of strain B 
was determined from a viable count of survivors, and was sim- 
ilar to that reported by other investigators (7, 8). 

Ultraviolet Irradiation—Irradiation of viruses and of cells of 
strain K12-\ was carried out by agitating suspensions at a dis- 
tance of 50 cm. from a 15-watt Sylvania Germicidal A lamp. 
Aliquots of 5 ml. of virus suspensions (2 < 10! particles per ml.) 
in 0.85 per cent sodium chloride were irradiated in 10-cm. diam- 
eter Petri dishes for various times. Suspensions of 200 ml. of 
K12-A (1 Xx 10° cells per ml.) in the synthetic media were ir- 
radiated for 1 minute in a glass dish of 430 cm.? area. 

Assay Procedures—The materials and assay procedure for hy- 
droxymethylase activity are described in a preceding paper (2). 
DNA was determined by the diphenylamine reaction (9). Assay 
for viral activity was carried out by estimating plaques with the 
agar layer technique (10). Other methods and materials have 
been described (2). 


RESULTS 


Requirement for Injection of Viral DNA into Host Cell—The 
results of scaled-up incubations of the assay system in which the 
reaction products were isolated by ion exchange chromatography 
failed to show significant formation of 5-hydroxymethyldeoxy- 
cytidylate when extracts prepared from uninfected cells were 
used as the enzyme source (2). This type of experiment dem- 
onstrated that the maximal amount of hydroxymethylase that 
could be present in an uninfected extract is 0.5 per cent of that 
found in an infected extract. Similarly, the virus itself has been 
found to be without appreciable hydroxymethylase activity. 
Neither intact T2r*+ (6.7 x 10° particles) nor osmotically dis- 
rupted T2rt+ (5 X 10" particles) possesses enzyme activity, nor 
is significant activity obtained when these preparations are pre- 
incubated, before enzyme assay, with an extract prepared from 
1.2 < 10° uninfected cells. 

The osmotically disrupted virus and purified ghost particles 
were used to infect cells, and extracts prepared from these sys- 
tems were assayed for the hydroxymethylase. These types of 
damaged particles were used at multiplicities of 5.2 and 13.3 per 
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TaBLe 
Hydrozrymethylase formation in other systems 


I:xperiment 1. Cells from a 1.5-l. batch of strain B grown on 
synthetic media to 2 X 108 cells per ml. were harvested and resus- 
pended in the same media at 1 X 10% cells per ml. After addition 
of glucose to 5 mg. per ml. the cells were divided into three ali- 
quots. Two aliquots were infected with phages Tl and Té6r*, 
respectively, at virus to bacteria ratios of 4 and 5. After incu- 
bation for 11 minutes at 38° extracts were prepared from these 
aliquots and the uninfected cell aliquot. 

Experiment 2. Cells from a 2-l. batch of K12-\ grown on syn- 
thetic media to 2 X 108 cells per ml. were harvested and suspended 
in 400 ml. of the same media. Induction with ultraviolet light: 
200 ml. of the above suspension were irradiated as described in 
‘‘Iexperimental.’’ The cells were then incubated, with aeration, 
for 50 minutes at 38° and harvested by centrifugation. Extracts 
were prepared from the harvested cells. Infection with T2r*: 100 
ml. of the suspension were infected with a virus to bacteria 
ratio of 5 in the presence of 5 mg. per ml. of glucose. The sus- 
pension was incubated for 15 minutes at 38°, and an extract pre- 
pared from the cells after centrifugation. The residual 100 ml. 
of suspension were converted to an extract after the cells were 
harvested. This is the extract designated K12-\-uninduced. 

Experiment 3. Cells of K12-A were grown as in Experiment 1 
and resuspended in 300 ml. media. As in Experiment 1, 100 ml. 
portions were infected with the various viruses. A separate cul- 
ture of strain B was handled in the same way. 


Hydroxymethylase 
Extract tested Units 
of protein 
Experiment 1 
0.83 


Experiment 2 

K12-\-induced with ultraviolet light......... 0.43 

K12-A-uninduced, infected with T2r*........ 6.74 
[experiment 3 

K12-A-uninduced, infected with T2r*......... 8.0 

K12-A-uninduced, infected with T2rI........ 9.1 

0 


K12-A-uninduced, infected with T2rII....... 


bacterium respectively. Therefore since these preparations con- 
tained small amounts of infectious phage, at these multiplicities 
undamaged particles were present to the extent of 0.08 and 0.2 
per bacterium respectively. The cells thus infected showed in- 
crease of DNA of 12 and 17 per cent of that obtained when 
phage was the infectious agent. Hydroxymethylase activities 
were obtained which were 12 and 16 per cent respectively of that 
found on infection with intact phage. Thus the amount of en- 
zyme formed was related to the content of undamaged virus in 
the preparations of disrupted phage and purified ghosts. These 
experiments show that some material necessary for the appear- 
ance of hydroxymethylase activity is lost on disruption of the 
virus particle. 

Effect of Mixing Uninfected and Virus-infected Extracts—Ex- 
tracts prepared from uninfected cells and from T6r*t-infected 
cells were preincubated together before assay for the enzyme. 
There was no increase or decrease in the activity of the mixed 


Virus-induced Acquisition of Metabolic Function. ITI 


extracts when compared to that initially present in the extract 
from infected cells under conditions in which several different 
levels of an infected extract was preincubated with a large excegg 
of protein from an uninfected extract. This result would rule 
out the presence of an inhibitor of the enzyme in extracts of un. 
infected cells, and would also tend to argue against a mechanism 
whereby the enzyme is released from a bound state in extracts 
of uninfected cells upon incubation with an extract from in- 
fected cells. 

Other Viruses and Strains of EF. coli—Two viruses which ap- 
parently do not contain detectable amounts of 5-hydroxymeth. 
yleytosine in their DNA have been studied, and in neither case 
was hydroxymethylase activity observed. The composition of 
T1 has been studied by Amos.' The other virus investigated 
was A, which is lysogenic for strain K12, and whose DNA has 
been reported free from 5-hydroxymethylcytosine (11). Irradi- 
ation of strain K12-A with an appropriate dose of ultraviolet 
light induces these cells to produce phage upon further incuba- 
tion (12). Table I summarizes the results with these systems, 
Infection of cells with T1 results in no detectable formation of 
the enzyme as shown in Experiment 1. The lower activity 
found on infection with T6r* is due to the reduced period of time 
of infection (11 minutes) employed in this experiment because 
of the shorter latent period of Tl. In Experiment 2, extracts 
were prepared from an uninduced and an ultraviolet light-in- 
duced culture, and in neither case was significant hydroxymeth- 
ylase activity found, as compared to an uninduced culture in- 
fected with T2r+. Experiment 3 reports the results obtained 
when strain K12-A was infected with various mutants of T2. 
Two interesting findings were observed. First the activity ob- 
tained when T2r* infects K12-\ is lower than that obtained on 
infection of strain B with this phage. This can be seen in both 
Experiments 2 and 3. The reason for the lowered hydroxy- 
methylase activity on infection of this strain is unknown, al- 
though it can be shown that the amount of enzyme present in 
such cells is sufficient to account for a normal yield of progeny. 
DNA synthesis on T2r*-infection of this strain was also observed 
to be markedly lower than a similar infection of strain B, oc- 
curring at a rate approximately 12 per cent of that observed in 
infected B. The second finding relates to the rII mutants. 
Mutants in the rII region of any of the T-even phages gives al- 
most negligible progeny on infection of strain K12-A, but pro- 
duce normal yield on infection of strain B (13). The experi- 
ment reported here shows that infection of strain K12-\ with a 
T2rIl phage gives no detectable hydroxymethylase activity, nor 
do these cells show any increase in DNA after infection. Such 
infected cultures show an immediate drop in turbidity with the 
appearance of frothing suggestive of a partial lysis, without sub- 
sequent recovery. Thus the lack of synthesis of hydroxymeth- 


ylase does not appear to be a specific lesion induced by rII phages © 


but perhaps derives only secondarily as a result of the lesion in 
the cell wall. 

Time Course of Appearance of Hydroxymethylase After Viral In- 
fection—Since the enzyme is essentially absent from the unin- 
fected cell, its appearance as a function of time after infection of 


the host cell was studied. Such an experiment with T6r*-in- © 


fected strain B is shown in Fig. 1. With the present assay sys- 


1 Dr. Amos has kindly informed us that he has been unable to | 
Accord- | 
ing to his analyses Tl has less than | per cent 5-hydroxymethyl- © 


detect 5-hydroxymethyleytosine in hydrolysates of T1. 


cytosine in the total bases of its DNA. 
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tem a significant amount of enzyme is first detectable at no 
greater than three minutes after infection, after which the ac- 
tivity increases linearly until a maximum is reached at 15 min- 
utes. A drop in activity follows the 15 minute interval, some- 
what sharply at first, but activity was still detectable 60 minutes 
after infection. 

Assuming the activity present in extracts to be equal to that 
within the infected cell, it can be calculated that the amount of 
enzyme present per cell at 15 minutes after infection is approxi- 
mately twice that necessary to fulfill the requirement for the 
maximal rate of viral DNA synthesis. This latter value is 7 to 
§ phage particles per infected cell per minute and is taken from 
the data of Hershey (14). 

Effects of Inhibition of Protein Synthesis—The effects of in- 
hibiting the synthesis de novo of protein on the appearance of the 
hydroxymethylase were approached both through the use of an 
amino acid antagonist and by use of a mutant strain requir- 
ing an amino acid for growth. Fig. 2 shows the results of an 
experiment in which 5-methyltryptophan reversibly blocks 
protein synthesis in F. colt and phage production in infected E. 
coli, while not adversely affecting the adsorption of the virus to 
the host cell (15, 16). When cells are infected with T6r* in the 
presence of 150 wg. per ml. of pt-5-methyltryptophan, and in the 


absence of tryptophan (0 TRY), there is no significant appear- 


ance of hydroxymethylase activity over the course of 27 minutes. 
The addition of 50 wg. per ml. of pi-tryptophan along with the 


$methyltryptophan at the time of infection (TRY-0 min.) re- 


sults in a normal appearance of enzymatic activity during the 
first 15 minutes. Finally, if the cells are inhibited by the pres- 
ence of 5-methyltryptophan for the first 15 minutes after infec- 
tion, the inhibition can be released by subsequent addition of 
tryptophan (TRY-15 min). In all cases, the synthesis of DNA 
did not occur when hydroxymethylase formation was blocked, 
but DNA synthesis was restored on the addition of tryptophan. 

Almost identical results were obtained when strain B/1l was 
used as the host. This strain has a tryptophan requirement for 
growth. Cells in this case were grown on the synthetic media 
supplemented with casamino acids (2 mg. per ml.) and p1L- 
tryptophan (20 wg. per ml.) harvested, washed free from trypto- 
phan, and resuspended in media devoid of tryptophan. On 
infection with T2r+ there was no appearance of the hydrox- 
ymethylase activity until tryptophan was added to the media, 
after which normal appearance of the enzyme occurred. 

These experiments demonstrate that protein synthesis must 
occur within the infected cell for the development of hydroxy- 
methylase activity. 

Ultraviolet Irradiation of Infecting Particle—It was of interest 
to determine the nature of the effect of ultraviolet irradiation of 
the virus upon hydroxymethylase formation. Suspensions of 


| T6r*+ were irradiated for varying periods of time and assayed for 
surviving particles. 


The survival of infectious centers as a func- 
tion of the ultraviolet dose is shown in the lower curve of Fig. 3. 
A typical one-hit exponential decrease in infective centers was 
obtained (17). When aliquots of these irradiated particles were 
used to infect cells at a ratio of virus to cells of 4, it was found 
that there was no significant decrease in hydroxymethylase levels 
of activity in the extracts prepared from such infected cells 
‘shown in the upper curve of Fig. 3). This was true of particles 


over the entire range of irradiation studied, corresponding in the 
_ case of the 60-second irradiation to a dose of 14.3 hits. 
_ this dose of irradiation, and at the virus to cell ratio employed, 


With 
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10. 


SPECIFIC ENZYME ACTIVITY 


= = 60 
MINUTES AFTER INFECTION 

Fic. 1. The time course of appearance of deoxycytidylate hy- 

droxymethylase in cells infected by T6r*. Two liters of cells 

grown to 2 X 108 per ml. were harvested and resuspended in the 

same media at 1 X 10° cells per ml. Infection was carried out 

with T6r* at a ratio of virus to bacteria of 4. Aliquots of 60 ml. 


were withdrawn for assay of hydroxymethylase. 


SPECIFIC ENZYME ACTIVITY 


2: 
O TRY 
t MINUTES AFTER INFECTION 


Fic. 2. The effect of 5-methyltryptophan on formation of hy- 
droxymethylase. Resuspended cells at 1 X 10*® per ml. were in- 
fected with T6r* at a ratio of virus to bacteria of 4 in the presence 
of 150 wg. per ml. of pL-5-methyltryptophan. O, no tryptophan 
added; @, 50 ug. per ml. of pL-tryptophan added at time of infec- 
tion; @, 50 ug. per ml. of pL-tryptophan added 15 minutes after 
infection. Aliquots of 60 ml. of infected cells removed for each 
point. Extracts were prepared and assayed for hydroxymethyl- 
use. 


the effects observed cannot arise as a result of multiplicity re- 
activation. 
crease in DNA synthesis when the virus had been irradiated 


It was also observed that there was almost no in- 


more than 20 seconds. 
It would appear that induction of the hydroxymethylase can 
be separated from the subsequent synthesis of viral DNA. Since 


the DNA that is synthesized contains 5-hydroxymethylcytosine, 


which is not normally present in the host cell nucleic acids, it is 
obvious that the formation of the hydroxymethylase must pre- 
cede DNA formation. However, the lack of sensitivity of the 
hydroxymethylase inducer to irradiation (at the doses employed 
here) suggests that the portion of viral DNA responsible for the 


enzyme induction is much smaller than the total complement of 


DNA necessary for replication. ' 

Does Virus Contain Acid-Soluble Mononucleotide Inducer?—To 
answer this question the pyrimidines of the viral DNA were 
labeled by infecting a pyrimidine requiring mutant, strain By-, 
which was grown on the synthetic media supplemented with 10 
ug. per ml. of uracil-2-C" (specific activity of 29,700 ¢.p.m. per 
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ACTIVITY 


SPECIFIC 
ENZYME 


LOG SURVIVORS 


UV IRRADIATION (SECONDS) 

Fic. 3. The effect of ultraviolet irradiation of virus on hydroxy- 
methylase formation. The lower curve represents the log fraction 
of virus surviving as a function of the ultraviolet dose. Irradia- 
tion and assay of phage are described in the text. The upper 
curve represents the hydroxymethylase activity found in extracts 
of cells infected with the viruses irradiated for various times. 
Infection of cells was carried out with T6r* at a ratio of virus to 
bacteria of 4. 


1M ACETA —— 


Fia. 4. Elution pattern from a Dowex l-acetate column of an 
acid soluble extract of T2r* containing 1 umole each of carrier 
deoxycytidylate, 5-hydroxymethyldeoxycytidylate, and thymi- 
dylate. The figure is an lsterline-Angus recorder tracing of the 
ultraviolet absorption of fractions eluted from the column. 
dHMP, 5-hydroxymethyldeoxycytidylate; d in combination with 
other abbreviations, deoxy. 


umole). The cells were grown to 3 X 108 per ml. and infected 
with T2r+. After lvsis the virus was purified by two cycles of dif- 
ferential centrifugation. The purified virus (30.5 mg. of viral 
DNA) was treated with perchloric acid and separated into an 
acid soluble and an acid insoluble fraction. Carrier 5-hydrox- 
vmethyldeoxycytidylate, deoxycytidylate, and thymidylate in 
amounts of 1 umole were added to the acid soluble fraction, 
after which it was subjected to ion exchange chromatography 
(2). The pattern of elution of the nucleotides is shown in Fig. 4. 
The nucleotide fractions were concentrated and purified on char- 
coal columns (18), and further purified by chromatography on 
paper with the use of the isobutyric acid-ammonia solvent sys- 
tem (19). The isolated deoxycytidylate had 10.4 ¢.p.m. per 


umole, the 5-hydroxymethyldeoxycytidylate had 3.6 ¢.p.m. per 
umole, and the thymidylate had 9.8 ¢.p.m. per umole. 


This 


Virus-induced Acquisition of Metabolic Function. II 


Vol. 234, No. 6 


corresponds to a maximum of 1.4 molecules of deoxycytidylate 
and 1.3 molecules of thymidylate per phage particle, and to leg 
than 1 molecule of 5-hydroxymethyldeoxycytidylate per particle 
in the acid soluble fraction. 

These results are to be compared with the induction of penj- 
cillinase, one of the most sensitive of inducible enzymes. In this 
case maximal induction of the enzyme requires the incorporation 
of about 80 molecules of inducer per cell (20). 


DISCUSSION 


It has been known for some time that the early synthesis of 
some protein in the T2 virus-infected cell is essential for sub- 
sequent DNA synthesis (16, 21). Protein synthesis continues 
uninterrupted in the host bacterial cell upon viral infection, but 
a 7-minute lag ensues before the onset of viral DNA synthesis 
(21). Inhibition of this early protein synthesis by the presence 
of the amino acid analogue 5-methyltryptophan at the time of 
virus infection also leads to an inhibition of viral DNA formation 
(15,21). These observations have been confirmed and extended 
in the work of Burton (22) and Melechen (23), who also showed 
that inhibition of protein synthesis after the initial period of 
protein synthesis permits the production of viral DNA at a nor- 
mal rate. This early synthesized, essential protein does not ap- 


pear to represent an increase of normal bacterial enzymes, at | 
least those that have been investigated (24), nor can the forma- | 
tion of the usual adaptive enzymes occur under these circum. ! 
It has also been shown that the early protein is 
not the antigenic protein associated with the bacteriophage strue- | 


stances (25). 


ture, since the latter protein first appears in the infected cell 
about 9 to 10 minutes after infection (26-28). 


viral DNA, must be sought for this protein. 


which occurs only during virus infection. As such, the enzyme 


deoxycytidylate hydroxvmethylase is therefore one component | 


of the essential protein that is synthesized soon after infection of 
the bacterial cell with virus. 


synthesis for its appearance. 


cells, as reported by Watanabe (28). 


There is little doubt that other crucial functions may be at-| 
tributed to the protein synthesized before the inception of DNAT 
As shown by Puck and Lee (29), the initial rise in| 
permeability after infection, probably arising from hydrolytic | 
enzymes of the phage, is soon repaired, an event probably calling | 
After injection with a T-even virus there | 
is a fairly rapid breakdown of bacterial DNA which has been | 


synthesis. 


for protein synthesis. 


attributed to an increased activity of deoxyribonuclease, an effect 


which may arise from an activated or an induced biosynthesis | 
In the course of the present work, we have — 
also noted an approximately 5-fold increase in the level of thy-| 


of this enzyme (30). 


midylate synthetase in infected cells (strain B) over that in un 
infected cells.2_ It may be anticipated that enzymes involved 


the formation of mono- and diglucosy] derivatives of 5-hydroxy- | 


?J.G. Flaks and 8. 8. Cohen, unpublished results. 


Other functions, | 
crucial to the synthesis of virus in general and particularly of | 
The formation of | 
5-hydroxymethyleytosine is evidently one such crucial event, | 


In support of this is the apparent | 
absence of the enzyme in the host bacterial cell and the infecting ~ 
particle, the time course of its appearance within the host cell 
after injection of viral DNA, and the dependence upon protein 
In addition, it can be noted that — 
the time course of hydroxymethylase appearance reported here — 
closely parallels the time course of incorporation of labeled sulfur | 
into the nonantigenic, early protein synthesized in the infected 
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methyldeoxycytidylate which occur in T6 DNA will also be in- 
duced within the infected cell. Thus all of the enzymes indicated 
above may comprise components of the early synthesized protein 
fraction in these T-even phage systems. Finally it may be noted 

that early protein synthesis has also been reported (31, 32) as a 
requirement for viruses which do not contain 5-hydroxymethyl- 
evtosine. 

The nature of the induction of enzyme synthesis involved here 
is obscure at the present time. ‘There is no reason to believe 
that the substrate for the reaction, deoxycytidylate, is absent 
from the uninfected cell. While 5-hydroxymethyldeoxycytidyl- 
ate is not normally present no significant amounts of it are car- 
ried into the cell as an acid soluble constituent with the infecting 
virus. It is conceivable however that the nucleotide is liberated 
fom virus DNA and serves as the inducer for the biosynthesis 
of the hydroxymethylase. Should this be the case then this in- 
duction would be unique in that infecting viral DNA induces the 
synthesis of an enzyme, hydroxymethylase, which is essential for 
its ultimate biosynthesis, 7.e. this would be an unusual self- 
duplicating mechanism. However virtually nothing can be said 
at present concerning the nature of the inducing fragment. 
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SUMMARY 


The enzyme, deoxycytidylate hydroxymethylase, which has 
been found in cells of Escherichia coli infected with a virus con- 
taining 5-hydroxymethylcytosine in its nucleic acid, cannot be 
detected in significant amounts in uninfected cells, in the virus, 
or in cells infected with a virus which does not contain 5-hydroxy- 
methyleytosine. Infection of cells with disrupted virus does not 
lead to appearance of the enzyme, nor is there any evidence for 
the presence of the enzyme in an inhibited state in the uninfected 
cell. Appearance of the enzyme is prevented by inhibition of 
protein synthesis. It is first detected 2 to 3 minutes after in- 
fection, with synthesis continuing until about 15 minutes after 
infection. Induction of the enzyme requires introduction of 
viral nucleic acid into the host cell. However irradiation of the 
virus before infection with doses of ultraviolet light sufficient to 
block synthesis of viral nucleic acid does not affect the induction 
of the enzyme. There is no evidence for the presence of signifi- 
cant amounts of mononucleotide inducers of the enzyme in the 
infecting virus particle. It is suggested that induction of the 
enzyme requires some portion of the viral nucleic acid smaller 
than that required for replication of the viral nucleic acid itself. 
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The results of Klee and Richards (1) are in disagreement with 
the conclusions of Anfinsen et al. (2-4) that concentrated urea 
has no effect on the activity of bovine pancreatic ribonuclease. 
The possibility exists that differences in enzymatic activity might 
be also caused by alteration of the substrate rather than of the 
enzyme upon treatment with these agents. In examining the 
effect of conditions which would be expected to influence the 
secondary structure of ribonucleic acid (5), we have found that 
concentrated urea both stimulates and inhibits the action of 
ribonuclease upon ribonucleic acid (depending upon the assay 
procedure). Some of our findings are summarized in this paper. 


EXPERIMENTAL 


Materials 


Yeast RNA as prepared by the method of Crestfield et al. (6) 
is hydrolyzed more rapidly and at a more constant rate by 
RNase under the conditions of our assay than are commercial 
RNA preparations. Other advantages of this RNA are the 
lower oligonucleotide content of the RNase-free blanks and the 
absence of color or turbidity at concentrations which are suf- 
ficiently high for polariscopic observations. Solutions of RNA 
were prepared within 2 hours of use by allowing the freeze-dried 
material to dissolve in water or in 8 M urea (except where other- 
wise indicated) with occasional stirring. Cytidine 2’ ,3’-eyclic 
phosphate was purchased as the barium salt from Schwarz 
Laboratories and converted to the sodium salt before use. 
Crystalline bovine pancreatic RNase (Lot No. 381-059) was ob- 
tained from Armour and Company. Reagent grade urea was 
recrystallized from ethanol. 


Methods 


The activity of RNase was measured by several different 
procedures. Activity based upon liberation of acid soluble 
oligonucleotides was measured with a modification of an existing 
method for RNase activity (7, 8). The general procedure was 
as follows. One ml. of 1 per cent RNA was added to 1.5 (or 
2.0) ml. of RNase in buffer of suitable pH and ionic strength at 
30°. After 2 or 4 minutes, | ml. of 0.75 per cent urany] acetate 
in 25 per cent perchloric acid (hereafter designated uranyl 
acetate-HClO,) was added. The mixture was cooled in an ice- 
water bath for 15 minutes and then centrifuged at 3°. Aliquots 
(0.1 ml.) of the supernatant were promptly diluted with 3.0 ml. 


* We gratefully acknowledge funds from the National Science 
Foundation (No. 2545), the office of Naval Research (NR120-327), 
the United States Public Health Service (C-3256), and the Central 
Scientific Fund of the College of Medicine, State University of 
Iowa, which have greatly aided this work. 


of water and the increased absorbancy at 260 my over corre- 
sponding RNase-free blanks was measured. These blanks were 
carried through the whole experimental procedure for every 
determination. 

RNase activity was also measured from the rate of acid forma- 
tion at constant pH, with the use of a Radiometer TTT-1 pH- 
Stat to control the addition of 0.01 m NaOH from a motor 
driven syringe burette to a vessel which contained substrate and 
other additions as indicated for each experiment. This vessel 
was stirred magnetically, jacketed with circulating water at 
constant temperature, and protected from atmospheric carbon 
dioxide by a gentle stream of nitrogen gas. 
manually from a second syringe burette after the substrate 
solution reached temperature and pH equilibrium. 

The activity of RNase as measured by the increase in extinction 
of RNA was observed in a Cary model 14 Spectrophotometer, 
with identical solutions of RNA and buffer in matched 1-em. 


cuvettes in each beam. To initiate the reaction, RNase was} 
added by micropipette to the sample cell and the absorbaney | 


difference between the two beams at 258 my was recorded 
graphically. 

The change in optical rotation of RNA as a result of RNase 
activity was measured in a Zeiss-Winkel polarimeter with the use 


of the D line of sodium and a 2-dm. tube containing substrate, | 


enzyme, or other additions at 25°. 


RESULTS 


Influence of Ionic Strength and pH on RNase Activity—aAs i 
now well established, the activity of RNase is dependent upon 
the presence of nonspecific electrolytes. 
was found to vary with pH, as is illustrated in Fig. 1. 
7.3, the ionic strength optimum was about 0.06 to 0.10, as de- 


termined both by liberation of acid-soluble oligonucleotides and § 


of acid. At pH 5.2 however, the ionic strength optimum was 
about 0.20, as judged by oligonucleotide measurements only 
(inasmuch as formation of secondary phosphoric acid groups 
cannot be measured directly at this pH). 

The optima for pH and ionic strength were interdependent. 
As the ionic strength was increased, the pH optimum for the 
liberation of acid-soluble oligonucleotides by RNase was found 
to shift toward a lower pH, as shown in Fig. 2. In addition to 
these effects, the ionic environment also influenced the course 0 


RNase was added } 


The ionic requirement © 
At pH} 


hydrolysis of RNA. The initial rate of acid formation from f 


RNA by RNase at pH 7.2 was virtually the same at low and high} 


ionic strengths (Fig. 3), but as the reaction proceeded, the rate} 


became appreciably slower at low salt concentrations. 


Effect of Urea upon RNase Activity—The liberation of acid: 


1512 


| 
& 
b 
0. 
| 4 


= 


XUM 


me 


June 1959 


pH 5.2 


ABSORBANCY 


0.2 0.3 0.4 
IONIC STRENGTH 

Fic. 1. The influence of ionie strength upon the liberation of 
oligonucleotides during the hydrolysis of RNA at pH 5.2 (A——A, 
10 mg. of RNA, 10 wg. of RNase and varying amounts of 0.1 m 
acetate, pH 5.2, and 1 m KCI in a total volume of 3.0 ml.) or at 
pH 7.3 (10 mg. of RNA, 1 ug. of RNase and varying amounts of 
0.03 m phosphate pH 7.3, and 1 mM KCl in a total volume of 3.0 
ml.) for 4 minutes, 30°. The vertical axis is the absorbancy at 
260 mu of a 1:30 dilution of the supernatant after treating the 
reaction mixtures with 1 ml. of uranyl acetate-HClO, reagent. 


0.1 


U=0.10 


w 


H=0.26 


ABSORBANCY 
N 


L=0.43 
a 


PH 


Fig. 2. The shift in the pH optimum of RNase activity as influ- 
enced by the ionic strength of the medium. The upper curve 
©) depicts the oligonucleotide formation during 3 minutes 
at 30° and 0.10 w obtained by the use of 1 ml. of 1 per cent RNA, 
0.01 ml. of 0.0008 per cent RNase and 2 ml. of each of a series of 
0.15 u ionie strength Veronal-acetate buffers at various pH values. 
The curves shown for 0.26 » (G——D) and 0.43 uw (A——A) were 
similarly obtained except that 1 per cent RNA in 0.5 m and 1.0m 
KCl, respectively, were used. The vertical axis is the absorbancy 
at 260 my of a 1:30 dilution of the supernatant after treatment 
with 1 ml. of uranyl acetate-HCIO, reagent. The absorbancy of 
blanks for all pH values and all 3 ionic strengths was constant at 
0.06. 


soluble oligonucleotides from RNA by the action of RNase was 
_ markedly increased by the presence of increasing concentrations 
of urea (Fig. 4). 
than at pH 7 (Figs. 4 and 5). 
‘| ahalf minute was repeatedly observed after mixing RNase with 


This urea effect was more marked at pH 5 
A brief but consistent lag of about 
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Fig. 3. The rate of acid formation after addition of 1 ug. of 
RNase to 5 mg. of RNA in 1 ml. of 0.1 Mm KC] (@——@) or 0.3 m 
KCl (O——O) at pH 7.2, 30°. 
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Fic. 4. The influence of urea concentration upon the liberation 
of oligonucleotides during the hydrolysis of RNA by RNase. The 
increase in absorbancy of acid soluble oligonucleotides obtained 
after reaction of 1 ml. of 1 per cent RNA with 2 ml. of 0.1 m phos- 
phate, pH 7.0, and 0.6 ug. of RNase (O——O) or with 2 ml. of 0.1 
M acetate, pH 5, (@——-@) for 2 minutes at 30° in the presence of 
varying concentration of urea was measured on 1:30 dilutions of 
the supernatant after treatment with 1 ml. of uranyl acetate- 
HClO, reagent. The absorbancy of blank values subtracted 
ranged from 0.07 in the absence of urea to 0.25 with the highest 
concentration of urea. 


RNA, both at pH 5 and pH 7.'! In the presence of urea, the 
delay was somewhat shorter (Fig. 5). Under almost exactly the 
same conditions, however, there was no lag in the production of 
acid (Fig. 3). Pretreatment of either RNA or RNase had no 
effect on the liberation of acid-soluble oligonucleotides over that 
found when RNA, RNase, buffer and urea were simultaneously 
mixed, (Table I). An appreciable increase was observed even 
when urea was added just before or after the RNase activity 
was stopped with uranyl acetate-HCIO,. reagent. This urea 
effect could be completely reversed by removal of the urea by 
dialysis before adding RNase (Table I1). The blank values 
from RNA were also slightly increased by addition of urea. 
Attempts were made to further investigate the effect of urea 
on the solubility of the products of the reaction, in neutral or 
slightly acid media. Unfortunately, the enzymatic action of 


1 We have had similar experiences with commercial RNA (Nu- 
tritional Biochemicals Corporation, Cleveland, Ohio) as sub- 
strate. 
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Fic. 5. The rate of oligonucleotide liberation after addition of 
1 ml. of 1 per cent RNA in water (A and O) or8 Mm urea (@ and A) 
to 6 ug. of RNase in 2 ml. of 0.1 M acetate, pH 5.2 (O and @) or to 
0.6 pg. of RNase in 2 ml. of 0.1 M phosphate pH 7.0 (A and 4) at 
30°. The vertical axis is the increased absorbancy over the 
RNase-free blanks of a 1:30 dilution of the supernatant after addi- 
tion of 1 ml. of uranyl acetate-HC1O, reagent. The blank values 
subtracted ranged from 0.07 (in the absence of urea) to 0.15 (in the 
presence of urea). 


TABLE | 


Acid-soluble oligonucleotides liberated from ribonucleic acid by 
RNase as affected by conditions of urea treatment 


Experimental conditions: To 1 ml. of 0.1 M acetate buffer, pH 
5.0, with 6 ug. of RNase and 1 ml. of water or 8 M urea was added 
1 ml. of 1 per cent RNA in water orS mMurea. After 3.75 minutes 
at 30°, 1 ml. of water, 2.6 mM urea, or 10.4 M urea was added and at 
4.0 minutes, 1 ml. of uranyl acetate-HCIO, reagent was added. 
After centrifuging at 3°, the supernatant was diluted 1:30 and the 
increased absorbancy over corresponding RNase-free blanks was 
measured at 260 mu. 


Treatment _Absorbancy* 
RNA pretreated with 8 M urea, 3 hours. . 2.6 | 0.37 
RNase pretreated with 4M urea, 15 minutes | 26 | 0.35 
Urea added at start of reaction. ©... 7 26 0.36 
Urea added 15 seconds before addition of | 
Urea added after addition of urany]! acetate- 


* In every case, controls of RNA plus urea, but without en- 
zyme, were run through the incubation and precipitation treat - 
ment. These absorbancy values (0.03 for the first control, with 
no urea, and 0.04 for each of the other controls) were subtracted 
from the experimental values obtained with the enzyme. 
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TaBLe II 
Reversibility of urea effect with dialysis 


| Oligonucleotide absorbancy* 


Pretreatment of RNA 


RN 

| No RNase | “4 min., 30° 
RNA in water, undialyzed........... 0.13 0.42 
RNA in water, then dialyzedf....._.. 0.13 0.41 
RNA in 8 M urea, undialyzed........ 0.20 0.69 
RNA in 8 M urea, then dialyzedT..... 0.14 0.43 


*1 ml. (10 mg.) RNA + 2 ml. 0.1 Mm POg, pH 7.3, (+RNase) 
were incubated for 4 minutes at 30°. Then 1 ml. of urany! ace- 
tate-HCIO, reagent was added and the supernatant diluted 1:30 
and read at 260 mu. 

Tt Dialyzed 4 hours against 650 ml. of distilled water at 5°. 


TABLE III 


Effect of urea upon ribonuclease activity as measured titrimetrically 


Substrate | Acid formed* 

| mpmoles/min. 
Cytidine cyclic phosphate....................... | 22 
Cytidine cyclic phosphate plus 3.2 M urea. ...... 12 


i 


* Measured by continuous neutralization to pH 7.0 at 25° of 
acid formed by 3 ug. of RNase and 6 mg. of RNA or 19.2 uwmoles 
of cytidine 2’,3’-eyelie phosphate in 1.5 ml. of 0.13 Mm KCI, and 
based upon the 2 to 4 minute rate. 


RNA 


RNA+ UREA 


30° 
MINUTES 


Fig. 6. The change in specific rotation during the enzymatic 
hydrolysis of RNA in the presence (A——A) and absence 
(O——O) of 3.2 Mm urea. The rotation of a solution containing 


100 mg. of RNA and 10 yg. of RNase in 25 ml. of 0.03 mw phosphate, 
pH 7.3 (with or without urea), was observed at 25° in a 2-dm. tube. 
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matched reference and sample silica cuvettes (1-cm. light path, 3 
ml. capacity) containing 0.005 per cent RNA in 0.03 m phosphate, 
pH 7.3, with or without 3.2 M urea, at 25°. At the time indicated, 
).010 ml. of .001 per cent RNase solution was added. 


RNase on RNA, under the conditions of high substrate con- 
eentrations in these experiments, could not be stopped by 10-5 
or m CuSQ,, 10-5 AgNO, 10-4 polyxenylphosphate, or 
0.025 per cent heparin. 

The augmented yield of acid-soluble oligonucleotides observed 
in the presence of urea probably does not represent a true stimu- 
lation of RNase activity. Acid liberation from both RNA and 
cytidine cyclic phosphate by RNase was inhibited by concentra- 
tions of urea which stimulate oligonucleotide formation (Table 
Il). The degree of inhibition was much less with RNA than 
with the cyclic nucleotide. Moreover, the rate of breakdown of 
RNA by RNase as measured by two other methods did not 
appear to be stimulated by urea. On enzymatic hydrolysis of 
RNA, its specific rotation decreases and its extinction increases. 
In neither case was this enzymatic hydrolysis stimulated by urea 
Figs. 6 and 7). If these changes in optical properties of sub- 
strate may be taken to represent the first step in the enzymatic 
—_ while the liberation of acid represents the second step, it 
| 


vould appear that neither action of RNase is stimulated by urea. 

Despite the similar effects of electrolytes and urea on some 
properties of RNA, urea could not substitute for the electrolyte 
“requirement of RNase. 


DISCUSSION 


The lag in the appearance of oligonucleotides is probably an 
artifact of the precipitation procedure because no similar delay 
is found when the course of RNA hydrolysis is followed by acid 
formation or by measurements of absorbancy or optical rotation. 
In the initial attack by RNase, the first oligonucleotide fragments 
created are probably too large or too firmly hydrogen-bonded to 
neighboring chains to escape precipitation by the uranyl acetate- 
HCIO, reagent. Precipitability of RNA by this reagent appears 
also to be markedly temperature dependent. Some degradation 
of RNA by perchloric acid has been previously observed (9). 
We have observed that the amount of acid-soluble oligonucleo- 
tides is less if the precipitate is centrifuged in the cold than if 
centrifuged at room temperature. 

The hydrolysis of RNA by RNase has been repeatedly shown 
to depend upon the presence of nonspecifie electrolytes (10-13). 
This dependence may be in part a reflection of the profound 
influence of dilute salt upon the cooperative structure of the 
substrate as revealed by changes in its viscosity, optical prop- 


erties, and degree of ionization. It may therefore not be coin- 
eidental that the ionic strength optimum of RNase activity 
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toward RNA at pH 7 is about the same electrolyte concentra- 
tion which transforms RNA to a highly oriented form (5). In 
addition to the effects of ionic environment on RNA structure, 
nonspecific electrolytes appear to be required for enzymatic 
activity of RNase itself. There is an ionic requirement (14, 15) 
for the hydrolysis by RNase of nucleoside 2’,3’-eyclic phos- 
phates. This type of substrate presumably would be unaffected 
by the presence of electrolytes. However Buzzell and Tanford 
(16) have shown that the compact structure of the RNase 
molecule is unaffected by wide variations in the ionic strength. 
There appears to be yet another effect of the ionic concentration 
upon the enzyme reaction. In contrast to our earlier experiences 
with cytidine cyclic phosphate hydrolysis (14), higher concentra- 
tions of KCl maintained the liberation of acid from RNA at a 
more constant rate, suggesting that electrolytes may minimize 
the inhibition of RNase caused by accumulation of hydrolysis 
products. 

The influence of the pH of the medium upon the ionic strength 
optimum for acid liberation from RNA by RNase has previously 
been reported by Edelhoch and Coleman (13). This shift of the 
pH optimum in the acid direction in the presence of higher 
concentrations of electrolytes could be caused by changes in the 
ionization of either the enzyme or the substrate, thereby altering 
their coulombic interaction. 

A simple explanation of the effect of urea on RNase activity in 
these experiments would be that urea disrupts the secondary or 
hydrogen-bonded structure of RNA and of the products of the 
enzymatic reaction. Since some increase of acid-soluble oligo- 
nucleotides is obtained when partially digested RNA is treated 
with urea (either just before or after the enzymatic reaction is 
stopped with uranylacetate-HCIO, reagent), it appears that urea 
does increase the solubility of the oligonucleotides in the presence 
of uranyl acetate-HClO, to some extent. By disrupting the 
secondary structure of the substrate, RNA, the urea would 
therefore increase the effective substrate concentration due to 
the greater number of hydrolyzable groups which are presented 
to the enzyme. Such an occurrence could explain the somewhat 
lesser inhibition by urea of the formation of acid from RNA than 
from the cyclic phosphate by RNase, and the marked increase 
of oligonucleotide formation in the presence of initial high eon- 
centrations of urea. Thus it would appear that urea exerts a 
reversible denaturing influence upon RNA, rendering it more 
susceptible to enzymatic digestion, in a manner reminiscent of 
the effect of denaturation upon enzymatic digestion of proteins 


(17). 
SUMMARY 


1. The ionic requirement for maximal ribonuclease activity 
varies with pH, the optimal ionic strengths being 0.06 to 0.1 at 
pH 7.3 and 0.2 at pH 5. The optima for pH and ionie strength 
are interdependent, the pH optimum shifting toward a lower pH 
as the ionic strength is increased. 

2. The rate of hydrolysis of yeast ribonucleic acid measured 
by the change in its specific rotation caused by ribonuclease is 
not stimulated by the presence of urea. The rate of hydrolysis 
based upon the change in extinction due to the change in hy- 
pochromicity is somewhat inhibited by urea. Urea inhibits acid 
liberation from yeast ribonucleic acid and eytidine 2’ ,3’-phos- 
phate by ribonuclease, but the degree of inhibition is much less 
with the former. 
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3. The formation of acid-soluble oligonucleotides is increased 
when ribonuclease acts on ribonucleic acid in the presence of 
urea. Some increase is also observed even when the urea is 
added just before or after the action is stopped. The urea 
effect can be completely reversed by removal of the urea by 
dialysis. It is concluded that urea acts by disrupting the sec- 
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In connection with studies of factors which influence the 
activity of bovine pancreatic ribonuclease, our attention was 
drawn to the marked stimulation of the liberation of acid soluble 
oligonucleotides which results when a buffered mixture of yeast 
ribonucleic acid and RNase is treated with high concentrations 
of urea. As related in another paper (1), urea at the same 


~ eoneentrations causes some inhibition of RNase activity as 


measured by other assay procedures and thus the observed 
stimulation appears possibly to be due to alterations in the 
character of RNA by urea. In view of the profound and often 
observed effects of electrolytes upon the properties of anionic 
polymers (2), we have undertaken an investigation of the in- 
fluence of both salts and urea upon the structure of RNA. Our 
results indicate that RNA assumes a more highly cooperative 
structure in the presence of electrolytes, whereas treatment with 
urea has a markedly disrupting effect. 


EXPERIMENTAL 


Materials and Methods 


All of the RNA used in these experiments was prepared from 
fresh bakers’ yeast by the method of Crestfield et al. (3). 
Weighed samples of freeze-dried RNA were allowed to dissolve 
with a minimum of agitation in water or 8 M urea solution just 
before use. The final concentration of urea after dilution with 
salts and water was 3.2 m in all but the viscosity experiments; 
RNA is somewhat less soluble in 8 M urea than in water. All 
solutions were made up with double distilled water. Reagent 


grade urea was recrystallized from ethanol. 


Absorbancy measurements in the ultraviolet were made with a 
Beckman model DU spectrophotometer, with the use of rec- 
tangular l-cm. cells. Viscosity measurements were made with 
a conventional Ostwald viscometer at 25°. Optical rotation 
was visually measured with a Zeiss-Winkel polarimeter at 25° 


with a 2-dm. tube and the D line of sodium. Continuous titra- 


tion curves were recorded during addition of 0.5 n HCl or NaOH 
at a constant rate to 2.5 ml. of 1 per cent RNA at 25° under a 


_ N, atmosphere, with the same apparatus that was used in earlier 
_ Studies (4) except that a Radiometer TTT-1 pH meter (Copen- 
- hagen, Denmark) was employed in the system. The phosphorus 


content of RNA was determined colorimetrically after Parr 


bomb combustion (4). 


*We gratefully acknowledge grants from the Office of Naval 


Research (NR 120-327), the National Science Foundation (No. 


2545), the United States Public Health Service (C-3256), and the 


Central Scientific Fund of the College of Medicine, State Uni- 
_ versity of Iowa which have greatly aided this work. 


RESULTS 


As originally reported by Crestfield et al. (3), fresh aqueous 
solutions of this type of RNA have a high but variable viscosity. 
In our experiments, the initial relative viscosity was very high 
and gradually decreased on standing (Fig. 1). The reduced 
viscosity of 1 per cent RNA was estimated by extrapolation to 
be about 520 cc. per gm. initially Both salt and urea lowered 
the viscosity but in a somewhat different manner. Addition of 
KCl immediately reduced the viscosity to a low value which 
thereafter decreased only slightly. Addition of concentrated 
urea, on the other hand, caused the viscosity of RNA to decrease 
less abruptly than did KCI although faster than in water. In 
the presence of both salt and urea, the viscosity fell to a low and 
constant value. 

Additional evidence for structural differences of a typical RNA 
preparation in the presence or absence of salt or urea is shown 
in Table 1. As compared with the absorbancy of a RNA hy- 
drolysate at 260 mu, RNA was moderately hypochromic in 
aqueous solution, in 8 M urea, or in 8 M urea plus 0.08 m KCl, 
whereas it was strikingly hypochromic in the presence of 0.08 m 
KCl alone. 

The specific rotation of RNA was high as compared with that 
of its constituent nucleotides. In the presence of 0.08 m KCl, 
the rotation was greatly elevated over the already considerable 
dextrorotation of RNA in aqueous solution. Addition of urea 
lowered the rotation of RNA both in the presence and absence 
of electrolyte. We found that the rotation of solutions of RNA 
in dilute KCl was essentially constant from pH 5 to 8; below 
pH 5, the increasing turbidity of the solutions prevented accurate 
measurements of the rotation. Prolonged heating at 60° at pH 
6.3 in 0.08 m KCI irreversibly lowered the rotation of RNA. If 
on the other hand, the solutions were heated for not more than 
6 minutes, the rotation was lowered but was fully restored upon 
cooling to 20°. This reversible influence of temperature upon 
the rotation of RNA is shown in Fig. 2. The hypochromicity 
of RNA was similarly decreased by heating. At 20°, the ab- 
sorbancy at 260 my of a 1 per cent solution of a different RNA 
preparation in 0.08 m KCl was about 181; at 60°, it was 226. 
After this solution was kept at this temperature for about an 
hour and then cooled to 20°, the absorbancy fell only to 206, thus 
showing an irreversible loss of hypochromicity with prolonged 
heating of RNA. 

In the absence of added salt, a 1 per cent solution of RNA had 
a pH of about 7.0; upon the addition of 0.08 m KCl, the pH 
dropped to 6.3. As shown in Fig. 3, the entire titration curve 
from pH 3 to 10 was shifted toward a lower pH in 0.08 m KCl 
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Fic. 1. The effect of aging on the relative viscosity of 1 per 
cent RNA in water, 0.08 m KCl], and/or 8 M urea solutions at 25°. 


TABLE | 
Optical properties of yeast ribonucleic acid solutions 


Solution 
In 0.08 m KC] + 3.2 mM urea..... Tae | 208 +118° 
Alkaline hydrolysate in 0.1 Mm NaCl, | 


140} 
120} 
100} 
80} 

60 


40; 


20; 


30° 40° 50° 60° 70° 
TEMPERATURE 
Fic. 2. The influence of temperature upon the specific rotation 
of 1 per cent RNA in 0.08 m KCl. The lower curve (O———O) de- 
picts the rotation as measured as the temperature indicated. The 
upper curve (®@ @) depicts the rotation of RNA at 20° after 
heating for not more than 6 minutes at the temperature indicated. 


with particularly pronounced changes in the pH 3 to 6 and pH 
9 to 10 ranges. Addition of 3.2 mM urea had no appreciable 
effect upon the pH of the 1 per cent RNA in water either initially 
or after several hours and affected the titration curves only 
slightly. The shift of the titration curve caused by 0.08 m KCl 
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+6 +4 +2 
H* BOUND PER ATOM RNA-P 


Fic. 3. Titration curves of RNA in water (——), in 3.2 M urea 
.(-2--- ), in 0.08 m KCI (----) and in 0.08 m KCl and 3.2 M urea 
(----- ) obtained by addition of 0.5 Nn NaOH or 0.5 HCI to 10 mg. 


of RNA in 2.5 ml. of solution at 25°. The curves are corrected for 
the pH shift found by titration of 2.5 ml. of each solvent alone. 


in the added presence of 3.2 M urea was less pronounced than 
that in KCl alone. 


DISCUSSION 


The alteration of physical properties of RNA manifested by 
addition of dilute electrolytes appear to reflect structural changes 
which are different from those that are caused by treatment with 
concentrated urea. The effect of dilute KCl in lowering the 
viscosity of RNA is similar to the effect caused by addition of 
electrolytes to salt-free solutions of a number of other highly 
ionized linear polymers such as polyacrylic acid (5) and DNA 
(6-8), and appears to be due to counterion shielding of mutually 
repelling charged segments of the polymer chain, thereby permit- 


ting the extended structure to assume a more tightly coiled 


configuration. The decrease of the viscosity of aqueous solu- 
tions of RNA, especially in the presence of added urea, suggests 
that the nucleic acid may initially be in the form of loose ag- 
gregates which are held together by hydrogen bonds. A similar 
effect of urea upon the viscosity of DNA solutions has been 
observed (6). 

Formation of even small polynucleotides from mononucleotides 
is accompanied by some degree of hypochromicity (9). In addi- 
tion, hypochromicity appears to be related to the extent of 
nonrandom orientation of polynucleotide chains and is especially 
pronounced in multistranded structures made up of comple- 
mentary or associated chains (10, 11). From our results, RNA 
appears to assume a more highly cooperative structure in the 
presence of electrolytes than in the presence of urea and elec- 
trolyte together, further implying the importance of hydrogen 
bonds for the secondary structure of RNA. An enhancement 
of the hypochromicity of DNA by dilute electrolytes has also 
been observed by Shack et al. (12). 


A similar interpretation may be made on the basis of the | 
optical rotation of RNA. The high dextrorotation of RNA, } 


especially in the presence of dilute salt, and the low rotation in 


the presence of urea may reflect structural changes similar to | 
those reported by Doty and Yang (13, 14) for several poly: 


peptides and proteins which are dextrorotatory in helical con- 


figuration but levorotatory in random coil form. Doty’s! recent | 


1 Presented at the New York Academy of Science Conference on 


‘Enzymes of Polynucleotide Metabolism” on October 17, 1958, i 
New York City, New York. 
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observation that the high dextrorotation of mixtures of various 
complementary polyribonucleotides was reversibly decreased by 
“melting” the highly organized structures prompted us to de- 
termine the effect of heating upon the rotatory properties of 
RNA. The changes in rotation which we found on heating are 
similar to but are of lesser magnitude than those which he re- 
ported. 

One of the most striking but least readily explained effects of 
dilute electrolytes upon RNA is the increase in acidity. Cox 
etal. have observed similar effects with DNA (15) and a bacterial 
RNA preparation (16). There is considerable latitude in the 
interpretation of RNA titration curves because the pK’ ranges 
of constituent —-NH;* and monoester phosphate groups overlap 
(17, 18). Inasmuch as the titration curves give no evidence for 
any significant number of monoester phosphate groups in this 
RNA preparation, an increase in the acidic properties of the 
amino and enol groups of the purine and pyrimidine bases ap- 
pears to be responsible for the acid shift observed as the poly- 
nucleotide becomes more contracted. This decreased affinity of 
amino or keto groups for protons could come about by: (a) 
decreasing the influence of neighboring anionic phosphate groups 
by counterion shielding or (6) by a change in structural orienta- 
tion resulting in greater spatial separation of the anionic phos- 
phate groups from the amino and enol groups. 

In contrast to the orienting effect of dilute electrolytes, treat- 
ment of RNA with 8 m urea had a markedly disrupting effect 
and although it decreased the viscosity, the disrupted product 
was relatively unoriented as judged by the lower optical rota- 
tion, the moderate hypochromicity, and the slight displacement 
of the titration curves. These observations suggest that, when 
first dissolved, RNA might exist partially in the form of ag- 
gregates or ionic micelles which slowly and spontaneously dis- 
sociate to smaller fragments. In the presence of KCl they ap- 
pear to contract to form tightly coiled structures possibly of 
helical multistranded nature. On the other hand, in the presence 
of urea, the aggregate appears to degrade into smaller RNA 
chains of largely random coil character. In the presence of urea 
and KCl, RNA may possibly be made up in part of single 
stranded chains in a less cooperative configuration, but still in 
contracted form. 

The conclusions reached here on the disruptive effect of urea 
on the structure of RNA, are in agreement with the conclusions 
reached in the previous paper (1), namely by breaking the 
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hydrogen bonded structure in the substrate, urea would in effect 
increase the available RNA concentration; and secondly, by 
breaking the hydrogen bonds in the products of the enzymatic 
reaction, urea would also tend to solubilize some of the products 
of the reaction. 


SUMMARY 


1. The viscosity of ribonucleic acid, prepared by a detergent 
method, in freshly prepared aqueous solution is high but grad- 
ually decreases on standing, whereas in dilute salt solution the 
viscosity is low and relatively constant. Addition of high con- 
centrations of urea increases the rate at which the viscosity of 
ribonucleic acid in aqueous solution is decreased and also de- 
creases somewhat its viscosity in dilute salt solution. 

2. In dilute electrolytes, the hypochromicity at 260 my of 
ribonucleic acid is greater than that in water or in 8 Murea. In 
concentrated urea, addition of dilute salts does not significantly 
affect the hypochromicity. 

3. Dilute salt solutions of ribonucleic acid are more dextro- 
rotatory than are those in water alone. Addition of urea to both 
decreases the dextrorotation. The alkaline hydrolysate of 
ribonucleic acid is slightly levorotatory. The rotation of ribo- 
nucleic acid in dilute salt solution is essentially constant from 
pH 5 to §; it is reversibly lowered by brief heating, but irrevers- 
ibly lowered if heating is prolonged. 

4. Titration curves of ribonucleic acid in various solutions 
show that it is more strongly acidic in dilute electrolytes due to 
increased dissociation of weakly acidic groups in the pH 3 to 6 
and pH 9 to 10 ranges. 

5. These results indicate that in aqueous solution, ribonucleic 
acid may be at least partially in the form of aggregates of poly- 
nucleotides with an extended configuration, while in the presence 
of dilute electrolytes it assumes a more compact and highly 
cooperative structure. The disruptive influence of urea upon 
both the extended and contracted forms points to the probable 
importance of hydrogen bonding in the secondary structure. 
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In 1949 Park and Johnson (1) reported the accumulation of 
labile phosphate esters in penicillin-inhibited Staphylococcus 
aureus. Later, the compounds which accumulate were identified 
as three uridine nucleotides (2). Compound 1 (UDP-GNAc- 
lactic)! contains uridine 5’-pyrophosphate linked to an N-acetyl- 
amino sugar substituted in an ether linkage with lactic acid 
(GNAc-lactic). Compound 2 (UDP-GNAc-lactyl-ala) contains 
an amino acid (1-alanine) linked to UDP-GNAc-lactic through 
the carboxyl group in the lactic acid moiety, and Compound 3 
(UDP-GNAc-lactyl-peptide) contains a peptide composed of 
three residues of pi-alanine, one of p-glutamic acid and one of 
L-lysine, the sequence of which is Ala.Glu.Lys.Ala.Ala (5-7). 
Several features of the structure of these nucleotides are very un- 
usual, and at the time of their discovery their function was 
obscure. Some biological parameters of the accumulation proc- 
ess were compatible with the hypothesis that nucleotide accumu- 
lation was closely related to a point of attack of penicillin within 
the bacterial cell (8). 

In the last few years, a great deal of information has accumu- 
lated relative to the composition of the bacterial cell wall, the 
structure bounded internally by the cytoplasmic membrane and 
externally, in some bacteria, by a capsule. Some of the same 
structural features were present in the walls of many gram- 
positive bacteria as were found in the uridine nucleotides. A 
careful quantitative analysis of the walls of two strains of S. 
aureus which accumulate uridine nucleotides in the presence of 
penicillin was, therefore, carried out (9). From their composi- 
tion it was evident that the walls contained the same N-acetyl- 
amino sugar-peptide fragment as was found in the uridine nucleo- 
tide. It seems likely, therefore, that the uridine nucleotide is a 
precursor of the bacterial cell wall in S. aureus, UDP serving to 
activate the N-acetylamino sugar fragment for incorporation 
into a cell wall precursor. Their accumulation, therefore, may 
be the consequence of interference by penicillin in one or more 
of the reactions leading to synthesis of the bacterial cell wall, and 


* Present address: Department of Pharmacology, Washington 
University School of Medicine, St. Louis 10, Missouri. 

1 The amino sugar in Compound 1 is identical with an amino 
sugar found in the cell walls and spores of many bacteria (cf. 9 
and references cited therein). A structure, 3-O-carboxyethyl- 
hexosamine, for this‘acid amino sugar, called muramic acid, has 
been proposed by Strange (3) and confirmed by synthesis (4). 
The abbreviation, UDP-GNaAc-lactic, therefore, refers to uridine 
diphosphate (UDP) linked to the amino sugar, GNAc-lactic, 
where GNAc refers to N-acetylglucosamine and lactic to a sub- 
stituent on GNAc, a 3-O-carboxyethyl (lactic acid ether) sub- 
stituent according to Strange. Other abbreviations used are: 
CDP, cytidine diphosphate; CMP, cytidine monophosphate; CTP, 
cytidine triphosphate; and UMP, uridine monophosphate. 


from this point of view the selective toxicity of penicillin for 
bacterial cells would be caused by the fact that animal cells do 
not possess a comparable morphological or structural unit (9). 

More recently, Park (10) has observed that in crystal violet- 
inhibited S. aureus uridine diphosphoacetylglucosamine (UDP- 
GNaAc) (11) and UDP-GNAc-lactic accumulate. In the course 
of an investigation of the metabolism of these compounds in 
S. aureus it was decided to use crystal violet-treated S. aureus 
as a means of preparing C'-labeled UDP-GNAc. However, 
with the strain of S. aureus used, cytidine nucleotides accumu- 
lated in addition to the uridine nucleotides described by Park 
(10).2. In this paper the phenomenon which occurs in this or- 
ganism will be described as well as the preparation of C'*-labeled 
nucleotides by this means. 


EXPERIMENTAL 


In a typical experiment, 8 ml. of a fully grown, overnight cul- 
ture were inoculated into 80 ml. of fresh medium at 39°. The 
organisms were shaken vigorously at 39° for 90 minutes at which 
time they had reached nearly one-half maximal growth (turbidity 
of a 1:10 dilution measured at 700 mu, 0.079). They were 
harvested in the centrifuge and resuspended in 90 ml. of fresh 
medium containing 250 ug. per ml. of gentian violet (G. T. Gurr, 
Ltd., London, England).2 After 90 minutes further incubation 
at 39° with shaking, the organisms were harvested, washed into 
a small glass centrifuge tube with about 5 ml. of water, washed 
twice with water, and finally suspended in 2.5 ml. of water. The 
suspension was placed in a boiling water bath for 10 minutes, and, 
after cooling in an ice bath, 0.25 ml. of 50 per cent (weight per 
volume) trichloroacetic acid was added. The precipitate was 
centrifuged off and washed. Trichloroacetic acid and a con- 
siderable amount of dye were removed from the combined super- 
natants by five extractions with ether. The pH was adjusted 
to about 5 with NaOH, and ether was removed by warming. 
The volume was reduced to about 0.3 ml. by a stream of air. 

Preparation of the nucleotides has been greatly facilitated by a 
method for separation of these compounds simply and quickly 
by electrophoresis and chromatography on filter paper. The 
first separation was carried out electrophoretically in 0.1 


2 That this difference was not caused by a difference in experi- 
mental conditions was easily demonstrated in a parallel experi- 
ment with the organism employed here, designated S. aureus 
Copenhagen, and S. aureus H obtained from Dr. Park. With 
S. aureus H the principal compounds accumulating were UDP: 
GNAc and UDP-GNAc-lactic, and no cytidine nucleotides were 
observed. 

’ Gentian violet is a mixture of closely related dyes which in- 
cludes crystal violet. 
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Fic. 1. Ultraviolet absorption print of paper electrophoresis and paper chromatogram of gentian violet-inhibited S. aureus 
Copenhagen. An extract of the organisms was electrophoresed in 0.1 M acetate, pH 4.6. The paper electrophoresis strip (below) was 
cut into bands (1-9). These bands were eluted directly onto two 12-inch-wide sheets of Whatman No. 3 MM filter paper. The 
chromatograms (above) were developed by descending chromatography in neutral ethanol-ammonium acetate. On electrophoresis, 
there is considerable ‘‘tailing’’ of compounds in the crude extract, so that they appear as bands rather than as discrete spots in the 
chromatogram. Apparent separation within these bands is an artifact due to cutting of the paper electrophoresis into strips be- 
fore transfer to the chromatogram. Aside from the standards and the band which moves only slightly from the origin on elec- 
trophoresis, no ultraviolet absorbing compounds were observed in the electrophoresis or chromatogram of extract of untreated cells, 
which, therefore, appear on printing as a dark black sheet. 
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ammonium acetate buffer, pH 4.6. A strip of Whatman No. 3 
MM filter paper, 9 X 60 cm., was wetted with buffer. The ex- 
tract was applied as a band across the paper, about 8 cm. from 
one end. Electrophoresis was carried out in the apparatus de- 
scribed by Markham and Smith (12) at a potential gradient of 
about 18 volts per em. for 2.5 hours. 

In order to visualize or photograph the resulting ultraviolet 
absorbing bands (Fig. 1) it was necessary to impregnate the 
paper with liquid paraffin because of the large amount of nu- 
cleotide involved. After printing, the paraffin was removed by 
rinsing the strip through petroleum ether. 

For the second separation the electrophoretic strip was cut 
into bands 1 to 2 inches wide, corresponding roughly to the ultra- 
violet absorbing bands where these occurred. The strips were 
eluted in sequence directly onto a second sheet of Whatman No. 


TABLE I 


Quantification of nucleotide accumulation in gentian- 
violet-treated S. aureus 


These experiments were carried out with 80-ml. cultures. The 
ultraviolet-absorbing spots were eluted from the paper and the 
amounts (umoles) calculated from optical densities using molar 
extinction coefficients of 9890 at 262 my for uridine nucleotides 
and 13,000 at 280 my for cytidine nucleotides. Uridine and cyti- 
dine were identified through ultraviolet absorption spectra be- 
tween 220 and 310 my in 0.01 N HCl and 0.01 N NaOH. 


Experiment 
1 2 3 4 
UDP-GNAec-lactic ... 2.53 0) .67* 0.64* 1.55 
1.55 0 .30* 0.48* 1.35 
CDP-ribitol......... 1.65 0.23* 0.57* 0.85 


* experiments 2 and 3 were carried out with uracil-2-C' in 
the medium, and the compounds indicated by asterisks were ra- 
dioactive. In addition, each of the unknown compounds, z/ to 
x? (Fig. 1) was radioactive. 28 did not contain detectable radio- 
activity. The amounts of these unknown compounds varied be- 
tween 0.07 and 0.5 umole. 


II 


Chromatographic and electrophoretic mobilities of nucleotides 
isolated from S. aureus inhibited by gentian violet 


Paper Paper 
chromatographic electrophoretic 
mobility* mobilityt 
UDP-GNaAe (isolated)............ 1.39 29 
UDP-GN Ae (Sigma Chem. Co.)... 1.39 29 
UDP-GNAec-lactie (isolated)... ... 1.43 34.5 
UDP-GNAe-lactic (from penicil- 
lin-inhibited S. aureus (8))...... 1.44 34 
CDP-ribitol (isolated) ............ 1.22 26.5 
CDP-glvcerol (from Prof. J. Bad- 
0.80 16 


CMP (Sigma Chem. Co.)....... 


* Mobility relative to UMP (1.0) in neutral ethanol-ammonium 
acetate (14). 

+ Cm. migration during 2.5 hours in 0.1 M ammonium acetate 
buffer, pH 4.6, at a potential gradient of 18 volts per em. 


Nucleotide Accumulation in Gentian Violet-Inhibited S. aureus 


3 MM paper, and chromatographed in neutral ethanol-amino- 
nium acetate (Fig. 1) (13). 
Total phosphorus was determined by the method of Lowry 
et al. (14). 
RESULTS 


As is evident from Fig.1, a large number of compounds ae- 
cumulated in the gentian violet-inhibited organism. The follow- 
ing information about the four principal compounds, the amounts 
of which are shown in Table I, has been obtained. 

UDP-GN Ac-lactic—This compound had the electrophoretic 
and chromatographic mobility of UDP-GNAc-lactic (Table ID), 
It contained 2.1 moles of phosphorus per mole of uridine, and 
UDP was obtained after hydrolysis for 30 minutes in 0.01 x 
HC! (identified by chromatography in neutral ethanol-ammo- 
nium acetate). After hydrolysis in 6 N HCl for 15 hours at 
105°, a single ninhydrin reactive spot was observed on paper 
chromatography in 80 per cent pyridine (Rr, 0.86) or in n-bu- 
tanol-acetic acid-water (4:1:5), (Rr, 0.35) corresponding to 
amino sugar-lactic. In particular, after hydrolysis of 1 umole 
of nucleotide, no alanine was observed, indicating the absence of 
UDP-GNaAc-lactyl-ala, which has the same electrophoretic and 
chromatographic mobility as UDP-GNAc-lactic. The absence 
of UDP-GNAc-lactyl-peptide from these extracts is also note- 
worthy. 

UDP-GN Ac—This compound was identified as a substrate 
for the specific UDP-GNAc pyrophosphorylase, purified from 
calf liver or S. aureus (15), and it had the chromatographic and 
electrophoretic mobility of UDP-GNAc (Table II). It con- 
tained 1.85 moles of phosphorus per mole of uridine, and UDP 
was obtained on hydrolysis in 0.01 N HCl. 

Cytidine Diphosphoribitol—This compound contained 2.3 
moles of phosphate per mole of cytosine. In neutral ethanol- 
ammonium acetate, its mobility (Rump = 1.22) was greater 
than CMP (Rump = 0.81), CDP (Ruse = ().42) or CTP 
(Rump = 0.25), and on electrophoresis it moved at the same 
speed as CDP-glycerol (Table II). On hydrolysis in 0.01 Nn 
HCl it yielded CMP and a phosphate ester which moved faster 
than glycerophosphate in butanol-acetic acid-water. These and 
other criteria distinguish the compound from CDP-glycerol (16), 
CDP-choline (17), CDP-ethanolamine (18), deoxy-CDP-choline 
(19) and deoxy-CDP-ethanolamine (20). Recently, a sample 
sent to Professor J. Baddiley has been identified as CDP-ribitol 
(21) through comparison with an authentic sample.  Ribitol 
phosphate and 1,4-anhydroribitol were identified as the prod- 
ucts of acid hydrolysis of the nucleotide.‘ 

Cytidine Monophosphate—This compound had 1.2 moles of 
phosphate per mole of cytosine, was dephosphorylated by 5’- 
nucleotidase of bull semen and moved chromatographically and 
electrophoretically like CMP (Table I]). The relative amounts 
of CDP-ribitol and CMP varied considerably in different experi- 
ments (cf. Table 1). 

In addition to these compounds, eight other ultraviolet absorb- 
ing spots (Fig. 1), not seen at all in the control culture, were ob- 
served, the amounts of which in a single experiment were insuffi- 
cient for characterization.® 


4T am grateful to Professor Baddiley and Dr. Sanderson for 
these comparisons, and for a sample of CDP-glycerol. 

® One of these compounds has now been identified with enzymat- 
ically synthesized UDP-GNAec-pyruvate (22). This compound, 
formed by a reaction between 2-phosphoryl-enolpyvruvate and 
UDP-GNAc¢e, is presumably an intermediate in the formation of 
UDP-GNAc-lactie. 
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The amount of V-acetvlamino sugar esters was determined as 
an estimation of the uridine nucleotides (8) and amounted to 57 
umoles per liter of culture at one-half maximal growth, or 3.6 
umoles in the experiment described above. From a directly 
determined dry weight (634 mg. per liter of culture at one-half 
maximal growth or 40 mg. in the experiment described) and 
assuming an average molecular weight of 600 for the nucleotides, 
the .\V-acetylamino sugar nucleotides amounted to 5 per cent of 
the dry weight of the cell, and all of the nucleotides would per- 
haps amount to 10 to 15 per cent of the dry weight. This re- 
markable degree of accumulation is about twice that observed in 
the best previous experiment with another strain. 

To prepare radioactive nucleotides, 0.5 mg. of uracil-2-C™ 
(0.5 we. per mg.), obtained from Southern Research Laborato- 
ries, Birmingham, Alabama, was added to the incubation. Each 
of the major ultraviolet-absorbing compounds on the ethanol- 
ammonium acetate chromatogram and most of the minor ones 
produced a directly corresponding spot on a radioautograph 
(Table I). The isolated UDP-GNAe contained 7200 ¢.p.m. per 
umole; UDP-GNAc-lactic, 6800 ¢.p.m. per umole; CDP-ribitol, 
7200 ¢.p.m. per umole, and CMP, 3000 ¢.p.m. per umole. The 
procedure is a very rapid and convenient way of preparing small 
quantities of these nucleotides in a radioactive form. By ap- 
propriate choice of isotopic precursor it should be possible to 
prepare the compounds labeled in other positions as well. 


DISCUSSION 


The structure of the uridine nucleotides which accumulate 
with penicillin and with gentian violet suggests the biosynthetic 
sequence shown in Fig. 2. In this scheme uridine nucleotides 
are catalytic carriers of glycosyl fragments fora synthetic reac- 
tion, as in the synthesis of sucrose (23) or of glucuronides (5). 
If penicillin were a specific inhibitor of a transglycosidation of the 
GNAc-lactyl-peptide fragment from uridine nucleotide to cell wall 
precursor (acceptor) (9), the observed accumulation of UDP- 
GNAc-lactyl-ala and would result. 
Inhibition by penicillin with formation of the acceptor would 
have similar consequences. Gentian violet appears to inhibit at 
an earlier point in the biosynthetic sequence, leading to accumu- 
lation of UDP-GNAe and UDP-GNAe-lactic. The accumula- 
tion of evtidine nucleotides as well as the uridine nucleotide cell 
wall precursors in the gentian violet-inhibited cells suggests that 
CDP-ribitol might also be a precursor of some cell wall struc- 
ture, possibly a phosphodiester (24) containing ribitol phosphate. 
The occurrence of an unknown polyol phosphate as well as glyc- 
erophosphate in the walls of S. aureus has been observed by 
Mitchell and Moyle (25), and more recently the presence of 
ribitol phosphate in the wall of several microorganisms was ob- 
served by Baddiley et al. (26). The transfer of ribitol phosphate 
from CDP-ribitol to cell wall would be analogous to the transfer 
of choline phosphate from CDP-choline in phospholipide syn- 


J. L. Strominger 
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UDP-GNAc-liactic 
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precursors 


Fig. 2. A scheme for the reaction sequence leading to synthesis 
of part of the bacterial cell wall. 


thesis (17, 24). 
transfer. 

It is not certain whether or not the ribitol phosphate in the 
bacterial cell wall is found in the same organic molecule as the 
GNAc-lactyl-peptide fragment. Cytidine and uridine nucleo- 
tides might be involved in a sequence of reactions leading to 
synthesis of a single molecular species, or they might be involved 
in the synthesis of separate compounds held together by non- 
covalent linkages. Further studies of structure will, therefore, 
contribute greatly to studies of cell wall synthesis. The relation- 
ship of the mechanism of action of penicillin, gentian violet, and 
other antibacterial substances to the structure and mode of 
synthesis of the bacterial cell wall attaches a great deal of in- 
terest to these problems. 


Attempts are being made to demonstrate this 


SUMMARY 


Cytidine diphosphoribitol, cytidine monophosphate, uridine 
diphosphoacetylglucosamine, and uridine diphosphoacetylglu- 
cosamine-lactic acid ether have been observed to accumulate in 
a strain of Staphylococcus aureus inhibited by gentian violet. 
A number of other compounds which accumulate in smaller 
amounts have not been identified. ‘Total nucleotide accumula- 
tion represented about 10 per cent of the dry weight of the cells. 
A scheme relating these compounds and those which accumulate 
in penicillin-inhibited S. aureus to the biosynthesis of the bac- 
terial cell wall is discussed. 


Acknowledgment. This work was carried out during a leave of 
absence from Washington University. I am very grateful to 
Dr. R. Markham, F.R.S., for hospitality and advice, and to the 
Commonwealth and Markle Foundations for support. 
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ago. It would be appreciated if any reader having an old bottle 
of gentian violet manufactured by G. T. Gurr, Ltd. would corre. 
spond with the author. 
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Trace Nucleotides in Certain Ribonucleic Acids 
from Yeast*} 


FRANK F. Davis, ANGELO F. Cartucct, Isaac F. 


From the Department of Agricultural Biochemistry, Rutgers, The State University 


of New Jersey, New Brunswick, New Jersey 


(Received for publication, January 22, 1959) 


A number of trace nucleotides are reported to be present in 
ribonucleic acids from various sources. Cohn (1) and Davis 
and Allen (2) have described a nucleotide in yeast ribonucleic 
acids, the nucleoside of which has recently been identified as 5- 
ribosyluracil.! Littlefield and Dunn (3) have found small 
amounts of thymine, 2-methyladenine, N*®methyladenine? (6- 
methylaminopurine), and N*-dimethyladenine (6-dimethylamino- 
purine) in ribonucleic acids from yeast, several bacterial species, 
and wheat germ. The latter two bases were also found in the 
ribonucleic acids of rat liver microsomes. These bases were 
shown to have been present originally as nucleotides in 3’ ,5’- 
phosphodiester linkage in the ribonucleic acids of E. coli. Adler 
et al. (4) have detected N*methyladenine, V?-methylguanine (2- 
methyvlamino-6-hydroxypurine) and one-methylguanine in acid 
hydrolysates of commercial preparations of yeast ribonucleic 
acids, and Kemp and Allen (5) have described three unknown 
nucleotide components that are present in minor amounts in 
ribonucleic acids from dog pancreas. This paper reports the 
separation of four trace nucleotides, in addition to the one pre- 
viously described (1, 2) from a yeast ribonucleic acid fraction 
that is soluble in 1 m sodium chloride. This fraction is ordi- 
narily discarded during the preparation of veast ribonucleic acids 
by the procedure of Crestfield et al (6). The identity of three 
of the trace nucleotides, and certain characteristics of these 
nucleotides as well as of the ribonucleic acid fraction in which 
they are found, are reported. 


EXPERIMENTAL 


Materials and Methods 


Ribonucleic Acid Fractions—Bakers’ yeast (Saccharomyces 
cerevisiae) was supplied directly from the filter press by Anheuser- 
Busch, Ine., Old Bridge, New Jersey. Two pounds of yeast 


* Paper of the Journal Series, New Jersey Agricultural Experi- 
ment Station. 

+ This work has been supported by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice, the National Science Foundation, and by an Amalie Muller 
Memorial Grant for Cancer Research from the American Cancer 
Society. 

t Present address, Institute of Microbiology, Rutgers, The 
State University of New Jersey, New Brunswick, New Jersey. 

‘Presentation by W. E. Cohn at the Fourth International 
Congress on Biochemistry, Vienna, September 1 to 6, 1958; F. W. 
Allen, personal communication. 

? The system of nomenclature for the methylated purine bases 
is the one used previously by Adler et al. (4) to show the relation- 
ship of the compounds to guanine and adenine. 


were divided into 6 lots and subjected to the procedure of Crest- 
field et al. (6) for the preparation of ribonucleic acids from 
yeast. These ribonucleic acids, having been purified by pre- 
cipitation with 1 mM sodium chloride, are referred to as the in- 
soluble fraction (yield, 8.03 gm.). The supernatant liquid from 
the sodium chloride precipitation step (step 3) was treated with 
2 volumes of ethanol at —20° to precipitate the ribonucleic acids 
that had remained in solution. The use of alcohol at 0° may 
result in incomplete precipitation of this fraction. The precip- 
itate was washed twice with 50-ml. portions of 65 per cent ethanol 
at —20°. It was then dissolved in 100 ml. of water, adjusted 
to pH 7.0 with dilute acetic acid, and centrifuged to remove a 
small amount of insoluble material. Ribonucleic acids consti- 
tuted about one-fourth of the dissolved solids. They were sep- 
arated from the bulk of the contaminating materials by the 
method of Davis and Allen (2) which utilizes salmine to pre- 
cipitate the ribonucleic acids, followed by sodium dodecyl sul- 
fate to precipitate salmine and bring the ribonucleic acids in- 
to solution. The ribonucleic acids were then precipitated with 
alcohol as before, washed once each at —20° with 65, 85, and 95 
per cent alcohol, and ether, and dried in a vacuum (yield, 0.81 
gm.). This fraction is called the soluble fraction. 

The soluble fraction contained 7 per cent deoxyribonucleic 
acids as determined by the method of Stumpf (7) and about 8 
per cent protein, as estimated by the bromphenol blue staining 
technique of Kunkel and Tiselius (8). 

Ribonuclease—Bovine pancreatic ribonucle 
from the Worthington Biochemical Company. 

Prostatic Phosphatase—Prostatic phosphatase was prepared 
from hypertrophic human prostatic tissue by the method of 
Kerr and Chernigoy (9), and was free from ribonuclease when 
tested by the method of these authors. 

Methylated Purines—N?-methylguanine (2-methylamino-6- 
hydroxypurine), 1-methylguanine, and N*-methyladenine (6- 
methylaminopurine) were synthetic products which were kindly 
supplied by Dr. G. H. Hitchings of the Wellcome Research Lab- 
oratories, Tuckahoe, New York. 

Hydrolysis and Chromatography—Alkaline hydrolysis was car- 
ried out according to Crosbie et al. (10). The conditions of 
Crestfield et al. (6) were utilized for ribonuclease digestion of the 
soluble fraction. Alkaline hydrolysates (0.3 mg.) or ribonuclease 
digests (0.6 mg.) were submitted to ascending chromatography. 
Sheets of Whatman No. | filter paper (9 & 114 in.) were used, 
and were washed before use by autoclaving for 1 hour in | M 
acetic acid (11). Chromatograms were developed in the first 
direction (length, 12 hours) with the isobutyrate buffer of 
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Magasanik et al. (12) and in the second direction with the tert- 
amyl] alcohol-formic acid-water solvent of Hanes and Isherwood 
(13). Two, and sometimes three submissions of 6 to 8 hours 
duration, with drying between, were employed with the second 
solvent to effect separation of the trace nucleotides from the 
major nucleotides. 

Areas containing the nucleotides were detected by the use of 
an ultraviolet light. These areas were cut from the papers and 
extracted by shaking with 4 ml. of 0.01 m HCl for } hour. Con- 
centrations were determined with a Beckman DU spectropho- 
tometer with the use of the spectral data of Wyatt (14) for the 
four major nucleotides and the data of Davis and Allen (2) for 
the first minor nucleotide. 


RESULTS 


Chromatography—Fig. 1 shows a two-dimensional chromato- 
gram of an alkaline hydrolysate of the soluble fraction. Five 
minor spots, which are readily detected in chromatograms of 
this fraction, are designated X and 1 through 4 in the figure. 
Spots 1 and 2 fluoresce strongly on the acidic chromatograms. 
Spot X is the nucleotide described previously (2), apparently 
the 3’(or 2’)-phosphate of 5-ribosyluracil.1. Chromatograms of 
alkaline hydrolysates of the insoluble fraction revealed a lesser 
amount of X. Spots 1 through 4 were not detected on chromato- 
grams of the insoluble fraction when | mg. of the hydrolysate 
was chromatographed. Table I gives the nucleotide composi- 
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SECOND DIRECTION 


Fic. 1. Chromatogram in two directions of an alkaline hydroly- 
sate of the soluble fraction. Solvents and procedure are given in 
the text. UU, G@, C, and A, are uridylic, guanylic, eytidylic, and 
adenylic acids, respectively. X is 5-ribosyluracil 3’(or 2’)-phos- 
phate.' Spot 1 is 1-methylguanine ribonucleotide, Spot 2 is an 
unidentified ribonucleotide, Spot 3 is N*-methyladenine ribonu- 
cleotide, and Spot 4 is thymine ribonucleotide. 


TABLE I 
Nucleotide composition of soluble and insoluble fractions 


Moles per 100 moles 


Fraction '5-Ribosyl- 
Uridylie | Cytidylic | Guanylic | Adenylic | uracil 
acid acid aci acid 3’(2’)- 
phosphate! 
Soluble | 23.2 | 24.9 | 26.2 | 23.3 | 2.4 
Insoluble 27.2 20.1 | 26.0 | 25.8 | 0.9 
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tions of the two fractions. Chromatograms of the unhydrolyzed 
fractions showed that neither contains mononucleotides. The 
insoluble fraction remained entirely at the origin. About one- 
fourth of the soluble fraction showed varying degrees of mobility 
in the first solvent but none in the second solvent. This behay. 
ior is characteristic of the polynucleotides in ribonuclease di- 
gests (Fig. 1 of Davis and Allen (2)). 

Identification of Methylated Bases—The trace substances num- 
bered 1, 2, and 3 were hydrolyzed on treatment with 1 mM hydro- 
chlorie acid at 100° for 1 hour (15). The fourth substance was 
unchanged by this treatment, but was hydrolyzed in 72 per cent 
perchloric acid at 100° for 1 hour (16). 

The hydrochloric acid hydrolysates were investigated by paper 
chromatography, with the butanol-ammonia and butanol-formic 
acid solvent systems of Weissman et al. (17). Each hydrolysate 
yielded a single spot which absorbed in the ultraviolet region. 
Chromatographic and spectral comparisons were made with 
known methylated purine bases. The base from substance | 
was identical chromatographically, and spectrally at pH 2 and 
14 with l-methylguanine, and the base from substance 3 with 
N*®methyladenine. The spectral and chromatographic data 
were in excellent agreement with the values given by Adler et al. 
(4). The base from substance 2 had a chromatographic mo- 
bility in the two solvent systems very similar to that of N?-meth- 
viguanine, but its spectral curve at pH 2 is displaced toward 
the higher wave lengths, with a minimum at 233 my and a 
maximum at 256.5 muy. 

The base that was obtained by perchloric acid digestion of 
material eluted from spot 4 has a chromatographic mobility 
similar to that of thymine in the butanol-ammonia solvent. 
The base is also identical with thymine in the following tests: 
chromatography in butanol-formic acid, electrophoresis on paper 
at pH 9.2 and 10.2, and spectrally at pH 2 and 12. 

Identification of Carbohydrate—Material from spots 1, 2, and 
3 was dephosphorylated with prostatic phosphatase and_ hy- 

drolyzed with 1 Mm hydrochloric acid (1 hour, 100°). 
drolysates were chromatographed in butanol-ethanol (18), and 


carbohydrate areas detected by spraying with aniline hydrogen | 


phthalate (19). Single spots, with a color and mobility similar 
to ribose, were obtained from each hydrolysate. 

Nature of Trace Substances—That substances 1 through 4 are 
3’(or 2’)-ribomononucleotides was established by the following 
observations. They exhibit electrophoretic mobilities, over a 
wide range of pH, that are comparable to the mobilities of one 
or another of the mononucleotides, and they possess groups dis- 
sociating in the pH region of secondary phosphate groups of 
nucleotides. They do not exhibit enhanced mobility in borate 
buffer at pH 9.2 as compared with ammonia buffer at this pH, 
and hence are not 5’-nucleotides. They are dephosphorylated 
by prostatic phosphatase at approximately the same rate as 
3’-ribonucleotides, and the dephosphorylated products show the 
same degree of enhanced electrophoretic mobility in borate in 
comparison to ammonium buffer as do the ribonucleosides. This 
behavior is characteristic of ribose nucleosides and is not shown 
by deoxyribose nucleosides (20). 

Additional evidence that spot 4 is a pyrimidine ribonucleotide 
is shown by the following experiment. Several mg. of the sub- 


stance of spot 4 were obtained by streaking an alkaline hydroly- 
sate of the soluble fraction on Whatman No. 3 MM paper and 
developing with the tert-amyl alcohol-formic acid-water solvent. 
The compound appeared as a narrow band just ahead of uridylic — 
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acid. One mg. was treated with N , N’-dicyclohexylcarbodiimide 
for } hour according to the procedure of Dekker and Khorana 
(21) for preparing nucleoside 2’ ,3’-phosphates. The reaction 
mixture was submitted to paper electrophoresis in 0.02 m phos- 
phate buffer, pH 7.0. A third of the substance was converted 
to a compound with about 60 per cent of the electrophoretic 
mobility of the major band, which appeared to be unchanged 
starting compound. The minor band was equal in electropho- 
retic mobility to the major band at pH 3.5, and was assumed to 
be the 2’,3’-cyclic phosphate analogue of the mononucleotide. 
On treatment with ribonuclease, this substance was converted 
completely to a substance possessing the same electrophoretic 
mobility in the phosphate buffer as the original starting material. 

The evidence that has been presented indicates that spot 1 is 
1-methylguanine ribonucleotide, spot 2 is an unidentified ribo- 
nucleotide, spot 3 is N*&-methyladenine ribonucleotide, and spot 
4 is thymine ribonucleotide. The spectrum of the nucleotide 
from spot 2 is shown in Fig. 2. The shape of the spectral curves 
and the electrophoretic mobilities of this compound, as well as 
certain chromatographic and spectral similarities of the base to 
N2-methylguanine suggest that this compound is a modified 
guanine nucleotide. The electrophoretic mobilities of these nu- 
cleotides| at three pH values are given in Table II. Spectral 
data are given in Table III. 

Yor estimating the amounts of the trace nucleotides in the 
soluble fraction, the molar extinction coefficient of thymidine 
(22) was used for the nucleotide of thymine, and the molar ex- 
tinction coefficient of the nucleoside of N*-methyladenine (3) for 
the nucleotide of N®&methyladenine. Thymine nucleotide was 
present in the amount of 1.1 moles per 100 moles of nucleotides 
and N*®-methyladenine nucleotide, 0.7 mole per 100 moles. 
|-Methylguanine nucleotide accounted for 0.8 per cent and 
spot 2 for 1.3 per cent of the material absorbing at 260 muy. 
Each of these values is the average of four analyses. 


Comparison of Ribonucleic Acid Fractions that are Soluble 
and Insoluble in Sodium Chloride 


Hyperchromic Shift—The hyperchromic shifts of the two frac- 
tions were determined by taking readings in 0.1 mM phosphate 
buffer, pH 7.0, before and after hydrolysis with | mM sodium hy- 
droxide (23). 

Ratio of Monoesterified Phosphate to Total Phosphate—Mono- 
esterified phosphate was determined by incubating the fraction 
with prostatic phosphatase and determining the inorganic phos- 
phate thus produced by the procedure that Koerner and Sin- 
sheimer (24) utilized for following the course of deoxyribonuclease 
action on deoxyribonucleic acid. This procedure was modified 
as follows. A volume of ribonucleic acid solution estimated to 
contain 5 to 10 wg. of monoesterified phosphate was used in place 
of the deoxyribonuclease digest, 0.015 ml. of prostatic phospha- 
tase was used, and incubation was for a period of 2 hours at 37°. 
On color development, 10 to 20 per cent of the reduced phospho- 
molybdate, depending on the amount present, formed a pre- 
cipitate with the protein. Phosphate standards were run in the 
presence of enzyme (ribonucleic acids replaced with water) to 
correct for this source of error. Total phosphate was determined 
by the method of Griswold et al. (25) after sulfuric acid digestion 
of the samples. 

Mononucleotides Liberated by Ribonuclease Action—The ribo- 
nucleic acid fractions were hydrolyzed with ribonuclease and the 
mononucleotides that were liberated were separated by paper 
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Fic. 2. Absorption spectrum of the unidentified nucleotide 
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from Spot 2. ——, pH 2; ----- , pH 12. 
TABLE II 
Relative* electrophoretic mobilities of minor nucleotides 
Ribonucleotide of 

pH Spot 2 
-Methyl- 6. hyl- 
| Thymine 

2.3 0.67 0.80 

3.5 0.86 0.95 1.00 0.94 

9.2 0.93 0.89 0.94 | 0.91 


* The mobilities of spot 2 and the nucleotide of 1-methylgua- 
nine are reported relative to the mobility of 3’-guanylie acid. 
The mobilities of the nucleotide of N*®-methyladenine are given 
relative to 3’-adenylie acid, and those of the nucleotide of thy- 
mine relative to 3’-uridylic acid. All measurements were carried 
out in buffers of 0.1 ionic strength. Buffers: pH 2.3, monochlor- 
acetate (NH,*); pH 3.5, formate (NH,*); pH 9.2, borate (Na*) or 
ammonium (HCOO-). Caffeine was used as a reference com- 
pound of zero mobility. 


TaBLeE III 
Spectral data on minor ribonucleotides 


| Ribonucleotide of 
1-Methyl- Ve-methyl- 
pH | guanine Thymine 

Maximum | Minimum | an 
2 264 | 242 | 258 236 265 
12 263 257) 240 | 266 | 237 267 | 245 


chromatography as in the case of the alkaline hydrolysates. 
For the measurement of thymine ribonucleotide, hydrolysates 
containing 10 mg. of the soluble fraction were chromatographed 
as a band in one dimension with the use of the lert-amy] alcohol- 
formic acid-water solvent. The area immediately ahead of 
uridylic acid was cut from the chromatogram and extracted with 
water. The solution was evaporated to dryness and the residue 
taken up in perchloric acid and hydrolyzed for 1 hour at 100°. 
The hydrolysate was then chromatographed in the butanol- 
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TaBLeE IV 


Properties of ribonucleic acid fractions thut are soluble 
and insoluble in 1 m sodium chloride 


| Soluble Insoluble 
Hyperchromic shift, %.. 28 35 
Ratio of total to moncesterified phos- 
Pyrimidine nucleotides liberated by 
ribonuclease, % of total 
5-Ribosyluracil 3’(or 2’)-phosphate 46-50 
Thymine ribonucleotide.......... 10-20 


ammonia solvent, the thymine band cut out, and its concentra- 
tion determined in the spectrophotometer. 
Table IV summarizes the results of the above procedures. 


DISCUSSION 


Probably the first evidence for the existence of trace nucleo- 
tides in ribonucleic acids was obtained by Cohn and Volkin (26) 
who report an analysis of an alkaline digest of calf liver ribo- 
nucleic acids by the use of Dowex 1 resin in which two minor 
unidentified peaks were observed between the adenylic acid b 
peak and the uridylic acid a peak. 

Davis and Allen (2) utilized the chromatographic conditions 
of Cohn and Volkin to separate the nucleotide now identified as 
5-ribosyluracil phosphate! into its a and 6 isomers, and observed 
that in this system these isomers were eluted from the column 
before the uridylic acid a peak. These findings suggest that 
the minor peaks reported by Cohn and Volkin are the a and b 
isomers of 5-ribosyluracil phosphate. 

The isolation of the ribonucleotides of N*methyladenine and 
thymine from yeast ribonucleic acids confirms their earlier dis- 
covery by Littlefield and Dunn (3). The 1-methylguanine first 
isolated as the base from commercial yeast ribonucleic acid prep- 
arations by Adler et al. (4) has now been isolated from a different 
preparation from that source as the nucleotide. The minor nu- 
cleotide from spot 2, so far unidentified, does not appear to have 
been described previously. 

When the amounts of N*methyladenine and thymine ribonu- 
cleotides in the soluble fraction are calculated relative to the 
amount of uridylic acid (uracil), a comparison can be made with 
the amounts found by Littlefield and Dunn (3) in their purified 
commercial preparation of yeast ribonucleic acids. The amount 
of thymine ribonucleotide is 8 times, and N*methyladenine 
ribonucleotide 16 times, the amounts,present in the commercial 
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have the same molar extinction coefficient as guanylic acid, the 


compound is present in the soluble fraction in 130 times the con- | 


centration reported by Adler et al. (4) for 1-methylguanine ip 
their commercial preparation of yeast ribonucleic acids. If the 


trace ribonucleotides were present in the insoluble fraction in the | 


amounts in which they are found in the commercial yeast ribo- 
nucleic acids, their presence in the alkaline hydrolysates would 
not have been detected by the chromatographic procedure that 
was employed. 

The base-methylated nucleotides reported here, then, are 
found in the ribonucleic acids that: are soluble in 1 Mm sodium 
chloride, whereas the minor pyrimidine nucleotide reported pre- 
viously (1, 2) is present in both fractions, though at a somewhat 
higher concentration in the soluble fraction. The soluble frac- 
tion contains small polynucleotides, as shown by paper chroma- 
tography and as reflected in the reduced hyperchromic shift and 
ratio of total phosphate to monoesterified phosphate of the 
soluble fraction as compared to the insoluble fraction. The 
phosphate ratios can be considered only as estimates of the 
average chain lengths, since factors such as completeness of 
phosphatase action, amount of cyclic phosphate end-groups, and 
branching of the polynucleotide chain would alter the ratios, 
The large difference in the ratios does indicate, however, that 
the polynucleotides of the soluble fraction are, on the average, 
much smaller than those of the insoluble fraction. 


On treatment of the soluble fraction with ribonuclease, 10 to | 


20 per cent of the thymine ribonucleotide is liberated as free 
mononucleotides, in contrast to about 50 per cent of the other 
three pyrimidine nucleotides. Griffin et al. (27) report that 
polyribothymidylice acid is hydrolyzed to mononucleotides by 


ribonuclease, and it has been shown here that cyclic thymine © 
The low yield of — 


nucleotide is also hydrolyzed by the enzyme. 
thymine mononucleotide after ribonuclease digestion of the 
soluble fraction, then, does not appear to be due to resistance of 
the thymine ribonucleotide in polynucleotide chains to ribo- 
nuclease action. Rather, it suggests that the bulk of the thy- 
mine nucleotide is attached in 5’ ,3’-phosphodiester links to pu- 
rine nucleotides, and hence is not liberated as mononucleotides 
by ribonuclease action. 


SUMMARY 


Four minor ribonucleotides have been isolated in relatively _ 


large amounts from those ribonucleic acids of yeast that are 
soluble in 1 m sodium chloride. 
the ribonucleotides of thymine, N*methyladenine, and 1-meth- 
ylguanine. 


Three have been identified as — 


The base of the fourth nucleotide was not identified. | 


The ribonucleic acids in which these nucleotides are found are of © 


much smaller size than the bulk of the ribonucleic acids from 
yeast. 
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Iodide Peroxidase in Rat Thyroid and Salivary Glands and 
Its Inhibition by Antithyroid Compounds 
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lodide ion is presumably oxidized before being incorporated 
into tyrosine and because cyanide and azide inhibited ['" incor- 
poration (1) it was postulated that the oxidation is catalyzed by 
cytochrome oxidase or a peroxidase. Subsequent studies with 
artificial organic substrates indeed suggested that thyroid glands 
possess peroxidase activity (2, 3), but iodide (3) was nonspecifi- 
cally oxidized at about the same rate by H.O.. Other evidence 
indicated that contaminating methemoglobin may have cata- 
lyzed the observed peroxidations of organic substrates (4). Re- 
cently, Serif and Kirkwood (5) reported that H.O. was required 
for the synthesis of monoiodotyrosine! from carrier free U'5!-iodide 
and L-tyrosine by salivary and thyroid preparations. 

This investigation demonstrates the presence of iodide perox- 
idase activity in salivary and thyroid extracts and examines the 
effect of thyroid inhibitors on the enzyme. 


EXPERIMENTAL 


Materials—Glucose oxidase, catalase, and crystalline bovine 
hemoglobin were purchased from Nutritional Biochemicals Cor- 
poration. The oxidase was disssolved with water as a 0.1 or 
0.125 per cent solution and stored in the freezer. Methemo- 
globin was prepared by oxidizing 68 mg. of hemoglobin with 12 
umoles of K3Fe(CN). at pH 6.8 under nitrogen, followed by di- 
alysis and lyophilization. Chromatographically pure diiodoty- 
rosine was obtained from Mann Research Laboratories, and 
monoiodotyrosine was synthesized according to Roche et al. (6). 

Tissue Homogenates and Incubations with Radioiodide—Five 
per cent homogenates of Sprague-Dawley rat thyroid and sub- 
manillary salivary glands were prepared as described by Fawcett 
and Kirkwood (7) except that the salivary glands were homoge- 
nized with a Waring Blendor. The salivary homogenates could 
be frozen for as long as 3 weeks without appreciable loss of en- 
zymatic activity. The reaction mixtures contained 300 ymoles 
of phosphate buffer, pH 7.4, 0.1 to 0.2 we. of Nal™ and KI car- 
rier substrate as indicated later, 10 wmoles of glucose, 125 yg. of 
glucose oxidase, 10 wmoles of L-tyrosine, and 1 ml. of homogenate 
in a total volume of 3 ml. They were incubated at 37° in 20-ml. 
beakers in a Dubnoff shaker. The reaction was stopped with 1 
ml. of 30 per cent trichloroacetic acid and 0.1 ml. of 0.1 Mm sodium 
thiosulfate. The mixtures were quantitatively transferred to 
graduated centrifuge tubes by the addition of 5 per cent trichloro- 
acetic acid and the volume was brought to 7 ml. with the acid. 
After centrifugation, 5 ml. of the cloudy supernatant solution 


! Monoiodotyrosine refers to 3-iodotyrosine and diiodotyrosine 
is 6,5-diiodotyrosine. 


were used for the separation of mono- and diiodotyrosine from | 


radioiodide on Dowex 50 resin. 


Ton Exchange Chromatography on Dowex 50—The 5 ml. aliquot } 


was passed througha 9- & 50-mm. column of Dowex 50-X4 (200 
to 400 mesh), hydrogen form. 


than 0.02 per cent of the added ['*' per ml. 
tained the radioiodide while mono- and diiodotyrosine remained 
on the resin and were displaced with 10 ml. of 2M NH,OH. The 
radioactivity in the NH,OH effluent was determined by counting 
an aliquot in a well scintillation counter and this was divided by 


the quantity of radioiodide added to the reaction mixture to give — 


the percentage of iodide™ incorporated into tyrosine. 
As much as 5 mg. of diiodotyrosine can be separated from ra- 


dioiodide and quantitatively recovered by this technique with | 
the absorption of diiodotyrosine at 310 my (8) in 0.04 nN NH,OH | 
as the assay, and 12 separate incubations can be readily handled © 


in 8 hours. 
Paper Chromatography—The NH,OH effluent was evaporated 
to dryness in a rotary evaporator and the residue was redissolved 


with 0.2 to 0.3 ml. of 1 m NH,OH. Aliquots of 10 or 15 wl., in © 


5-ul. portions, were spotted on Whatman No. | paper and de 
veloped by ascending chromatography for 20 hours with n-bu- 
tanol-glacial acetic acid-water (4:1:1). Monoiodotyrosine, di- ; 
iodotyrosine, and tyrosine were also chromatographed as markers 


and the paper was sprayed with Pauly’s reagent (9) to reveal the — 


position of the compounds. The I" content of the spots was 
determined by counting them directly in the well counter. 
Manometry—Oxygen uptake was determined in the Warburg 
apparatus at 37° with 0.1 ml. of 1 N KOH on filter paper in the 
center well. The reaction mixture in the main compartment con- 


tained 300 zmoles of phosphate buffer, pH 7.4, and 10 zmoles of | 


glucose. Salivary homogenate, 1.5 ml., or thyroid homogenate, 
1.3 ml., 50 wmoles of KI, and 10 wmoles of L-tyrosine were added 
when indicated and the total volume was 3 ml. 


water bath. 

Protein Determination of Homogenates—Homogenates in 3 pet 
cent NaOH were assayed by modification of a biuret method ee 
with crystalline egg albumin as the protein standard. | 


The column was washed with | 
four 10-ml. portions of water, or until the effluent contained less | 
The washings con- | 


Glucose oxidase | 
in the side arm was added after 10 minutes equilibration in the — 


methemoglobin content of heparinized rat blood was determined © 


by the method of Evelyn and Malloy (11). 


( 
RESULTS 


Incorporation of into L-Tyrosine—Table 1 shows that sali- 
vary and thyroid homogenates were extremely effective in the i 
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incorporation of iodide into L-tyrosine in the presence of the 
H.O.-generating system glucose and glucose oxidase. Boiled ho- 
mogenates incorporated only negligible amounts of the I. In 
agreement with another report (7), liver and kidney homogenates 
did not incorporate iodide into tyrosine. 

Paper chromatograms of incubation 2 of Table I revealed four 
distinct diazo reactive spots. These were diiodotyrosine (Rr 
0.60), monoiodotyrosine (Rp 0.50), tyrosine (Rr 0.30), and a red 
spot which had the same Ry (0.10) and color as histidine. About 
30 per cent of the I on the paper was in monoiodotyrosine and 
98 per cent in diiodotyrosine. Eighteen per cent of the radioac- 
tivity was evenly distributed between the origin and monoiodo- 
tyrosine, and 4 per cent was between diiodotyrosine and the sol- 
vent front. The I not in mono- and diiodotyrosine may have 
been the result of decomposition and adsorption of these com- 
pounds during the chromatography. Neither mono- nor diiodo- 
tyrosine was detected on the chromatograms of the incubations 1 
and 3. The chromatogram of incubation 4 also showed 4 spots 
although diiodotyrosine and histidine were less apparent. Here, 
60 per cent of the I! on the paper was in monoiodotyrosine, 10 
per cent in diiodotyrosine, 15 per cent at the origin, and the re- 
mainder was evenly distributed between the origin and monoio- 
dotyrosine. 

Effect of Thyroid Inhibitors on I Incorporation—Thiouracil, 
azide, cyanide, p-aminobenzoate, 3-amino-! ,2,4-triazole (12), 
and thiocyanate markedly inhibited the incorporation of 1! into 
i-tvrosine by thyroid and salivary homogenates (Table II). 
Note that only 1 zmole of iodide was used as a substrate and un- 
inhibited thyroid homogenate incorporated 56 per cent of the 
added I'*' in these incubations. Perchlorate did not appreciably 
affect the synthesis of mono- and diiodotyrosine. Cyanide was 
more inhibitory toward salivary than thyroid homogenates. 
None of the compounds tested as inhibitors of iodide incorpora- 
tion inhibited glucose oxidase (see Experiment 2, Table II1); 
hence, these compounds affect the iodinating system of the ho- 
mogenates. Catalase in a concentration of 667 wg. per ml. in- 
hibited the incorporation by 95 per cent. Cysteine and reduced 
glutathione, 0.002 m, were also added and did not affect iodide 
utilization by salivary homogenates. 

Peroxidation of by and Homogenates—Glucose ox- 
idase consumes | mole of O. per mole of glucose and generates 
HO. and 6-gluconolactone, which is spontaneously hydrolyzed 
to gluconic acid (cf. 13), Equation 1. Traces of metal con- 
taminants decompose HO, to H2O and } On, Equation 2, and the 
observed net O2 uptake is halved, Equation 3. 


glucose oxidase | 


Glucose + O, + H.O 
+ gluconie acid (1) 


metals 
2) 


> H.@ + 


Net: Glueose + } O. — glueonie acid (3) 
When iodide, salivary, or thyroid homogenates and L-tyrosine 


are added to this generating system, the following successive re- 
actions occur: 


lucose oxidase 
Glucose + Og + > 


H2O, + gluconie acid (1) 


L iodide peroxidase 


+ 21- 


2 “active iodine’ +2H.O (4) 
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TABLE 
Synthesis of mono- and diiodotyrosine by salivary and thyroid 
homogenates in presence of enzymatically generated HO, 
Conditions: All incubations contained 5 wmoles of KI. A ml. 
of salivary homogenate had 3.1 mg. of protein and the protein 
concentration of thyroid homogenate was 6.7 mg. per ml. 


Incubation No. Tissue homogenate Incubation time "detec d 
hr. % 
Salivary* 1.0 O.4F 
2 Salivary | 1.0 | 61.7T 
3 Thyroid* 2.0 | 1.0f 
4 Thyroid 2.0 20.4f 


* Boiled. 
t Average of 6 incubations. 
t Average of 3 incubations. 


TABLE Il 


Effect of thyroid inhibitors on synthesis of mono- and diiodotyrosine 
by salivary and thyroid homogenates 
Conditions: Experiments with salivary homogenate contained 
5 umoles of KI and were incubated | hour. Experiments with 
thyroid homogenate contained | wmole of KI and were incubated 
2 hours. Final concentration of all the compounds added was 
2X 10°39 mM except the catalase concentration was 667 wg. per ml. 


in mono- and 


Tissue homogenate Compound added diiodotyrosine 
Salivary * 0.4 
Salivary () 51.9 
Salivary KCIO, 5O.4 
Salivary KSCN 0.4 
Salivary Thiouracil 0.3 
Salivary NaN, 1.2 
Salivary KCN 6.6 
Salivary p-Aminobenzoate 2.6 
Salivary  3-Amino-1,2,4-triazole 0.3 
Salivary Catalase | 2.5 
Thyroid* 0 | 0.7 
Thyroid () 55.6 
Thyroid KCIO, | 48.1 
Thyroid KSCN | 
Thyroid Thiouracil | 0.2 
Thyroid | NaN; | 0.5 
Thyroid KCN | 26.3 
Thyroid  p-Aminobenzoate 0.2 
Thyroid | 3-Amino-1,2,4-triazole 0.2 


* Boiled. 


tvrosine iodinase ? 


2 “active iodine’? + L- tyrosine 
2 mono. or diiodotyrosine — (5) 
Net: Glucose + + 21 + 2H* 4+ Ltvyrosine — 

2 mono- or diiodotyrosine + H.O + glueonie acid (6) 
According to this sequence of reactions, the generated H2Oz is not 
decomposed but is used by the homogenate to oxidize iodide ion 
and the net O, uptake increases, Equation 6. 

Fig. 1 is a plot of the O. uptake of the glucose-glucose oxidase 
system as a function of time in the presence and absence of vari- 
ous combinations of iodide, L-tyrosine, and salivary homogenate. 
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Curve 1 shows a net O2 uptake of 5 wmoles when glucose was com- 


pletely oxidized. This is equal to the theoretical amount in 
Equation 3. The black area indicated by Curve 2 represents a 
group of 4 curves which were obtained when the following ma- 
terials were incubated with the H.O.-generating system: L-ty- 
rosine + iodide; salivary homogenate + L-tyrosine; salivary 
homogenate; and boiled salivary homogenate + iodide + L-ty- 


THEORETICAL UPTAKE 


OXYGEN UPTAKE-mICROMOLES 


L 


60 
TIME - MINUTES 
Fic. 1. Peroxidation of iodide by salivary homogenate in the 
presence of enzymatically generated HeQ.. Conditions: All incu- 
bation mixtures contained glucose, 100 ug. of glucose oxidase, and 
the following additional materials: Curve 1, none; Zone 2 is an 
area that includes four curves, (a) L-tyrosine + KI, (b) salivary 
homogenate, (c) salivary homogenate + L-tyrosine, (d) boiled 
salivary homogenate + KI + L-tyrosine; Curve 3, KI + salivary 
homogenate; Curve 4, salivary homogenate + KI + L-tyrosine. 


120 180 


THEORETICAL UPTAKE 


OXYGEN UPTAKE - MICROMOLES 


i 


i * 
60 120 180 
TIME- MINUTES 


Fic. 2. Peroxidation of iodide by thyroid homogenate in the 
presence of enzymatically generated H.Q.. Conditions: Same as 


indicated in Fig. 1 except thyroid homogenate was used instead 
of salivary homogenate. 


lodide Peroxidase in Rat Thyroid and Salivary Glands 


Voi. 234, No. § 


rosine. The net O. uptake at the end of 3 hours with thege 
mixtures was slightly increased to about 5.5 umoles. Hoy. 
ever, when iodide, L-tyrosine, and salivary homogenate wer 
added, the 3 hour O, uptake increased to 9.5 wmoles as seen jp 
Curve 4. Curve 3 shows that 7.5 ymoles of O. were consumed ip 
the presence of iodide and homogenate. 

Similar results were obtained with thyroid homogenates as 
shown in Fig. 2 except that the mixture of L-tyrosine, iodide, and 
homogenate, (Curve 4) consumed about 10 per cent less O» than 
iodide and homogenate (Curve 3). Tyrosine may partially in- 


TaBLe III 
Effect of thyroid inhibitors on peroxidation of 
iodide by salivary homogenate 

Conditions: Incubation was 2 hours with glucose and 125 ug, 
of glucose oxidase. Final concentration of the inhibitors was 2 x 
10-3 mM. Experiment 2 gives the range of O2 uptake when each of 
the listed compounds was individually incubated with the H,0;- 
generating system. I[xperiment 3 is the same as 2 except for the 
presence of KI and L-tyrosine. 


Material added | Or uptake 

pmoles 

1 None 5.0 

2 KCIOy; KSCN; NaNy; KCN; thiouracil; p- | 5.1-5.4 

aminobenzoate; 3-amino-1,2,4-triazole 
| KI + .-tyrosine + each compound in Experi- | 5.1-5.5 
2 

4. | Salivary homogenate + KI + L-tyrosine 9.3 

5 | Salivary homogenate + KI + L-tyrosine + 9.2 
KCIO, | 

6 Salivary homogenate + KI + L-tyrosine + | 8.1 
KSCN 

7 Salivary homogenate + KI + L-tyrosine + | 5.9 
| 

8 Salivary homogenate + KI + L-tyrosine + | 5.5 
KCN | 

4 Salivary homogenate + KI + L-tyrosine + 5.0 
thiouraeil | 

10 Salivary homogenate + KI + L-tyrosine + | 5.2 
p-aminobenzoate | 

11 Salivary homogenate + KI + L-tyrosine + | 5.2 


3-amino-1,2,4-triazole | 


TABLE IV 


Effect of thyroid inhibitors on peroridation of 
iodide by thyroid homogenate 


Conditions: Incubations were for 2 hours with glucose and 125 | 
Concentration of thyroid inhibitors was | 


ug. of glucose oxidase. 
2X mu. 


Oo uptake 


Material added 

pumoles 
None | 5.0 
KI | 5.1 
KI + thyroid homogenate | 8.1 
KI + thyroid homogenate + KCIO, 8.3 
KI + thyroid homogenate + KSCN 7.7 
KI + thyroid homogenate + thiouracil 5.1 
KI + thyroid homogenate + p-aminobenzoate 5.1 
KI + thvroid homogenate + 3-amino-1,2,4- tri- 5.2 
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hibit thyroid iodide peroxidase inasmuch as this result was ob- 
tained in 3 of 4 other manometric experiments. The fourth ex- 


periment gave identical O, uptakes in the presence and absence 


of tyrosine. 


It was found that rat blood contained 0.05 mg. of methemoglobin 


per ml. and that as much as 0.4 mg. of methemoglobin could not 
replace salivary or thyroid homogenates in all of the above ex- 
periments. The 3 hour O: uptake was 5.4 wmoles when methe- 
moglobin, L-tyrosine, and iodide were added to the H,0: system. 

Effect of Thyroid Inhibitors on Peroxidation of lodide—The data 
in Table III show that thiouracil, azide, cyanide, p-aminoben- 
nate, and 3-amino-1 ,2,4-triazole almost completely inhibited 
the peroxidation of iodide by salivary homogenates. Perchlorate 
had no effect on the oxidation but thiocyanate partially inhibited 
the reaction. None of the compounds affected glucose oxidase 
activity as seen in Experiments 2 and 3. It was also found that 
2.5 wg. of catalase partially inhibited and 100 yg. of catalase en- 
tirely prevented the peroxidation of iodide. 

It is seen in Table IV that thiouracil, p-aminobenzoate, and 
3-amino-1 ,2,4-triazole, but not perchlorate and thiocyanate, 
completely blocked the increased O2 uptake by thyroid homogen- 
ates. Three drops from each reaction mixture in Tables III 
and IV were acidified with 1 drop of 30 per cent trichloroacetic 
acid on a spot plate. Addition of 2 drops of 1 per cent starch 


solution revealed much more iodine in the mixtures whose O, 


uptake was unaffected. 
DISCUSSION 


The peroxidation of iodide by HO: and salivary and thyroid 


- homogenates demonstrates the presence of an iodide peroxidase 
in these tissue preparations. 


Because relatively large amounts 
of methemoglobin failed to peroxidize iodide, it is concluded that 
this blood component is not responsible for iodide peroxidase ac- 
tivity of thyroid and salivary homogenates. It also seems un- 
likely that other blood constituents, such as verdoperoxidase, are 
responsible for the activity. 

Inhibition of I" incorporation by antithyroid compounds could 


be explained by inhibition of Reactions 4 or 5. Hydrogen perox- 
ide does not react with these compounds because they do not 


alter the O. uptake of the generating system. Inhibition of io- 
dide peroxidase in Reaction 4 would reduce O, uptake, but in- 
hibition of Reaction 5 would not affect the O. uptake if peroxi- 
dation of iodide were unimpeded. Perchlorate, cysteine, and 
reduced glutathione inhibit neither reaction. Thiocyanate 


_ partially inhibits iodide peroxidase but completely prevents [*! 


incorporation, and would appear also to inhibit reaction (5), pos- 
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sibly by reacting with ‘‘active iodine”’ since it is known that thio- 
cyanate reacts with iodine (14). This result agrees with the work 
of Tong et al. (15) who found that thiocyanate inhibited iodina- 
tion in vitro of thyroid protein. It is clear that thiouracil, cya- 
nide, azide, 3-amino-1 ,2,4-triazole, and p-aminobenzoate prima- 
rily inhibit iodide peroxidase because increased O2 uptake is 
prevented when they are present. 

In the above experiments H.O2 is generated at a rate of 
2 < 10-* m per second and would reach a final concentration, if 
not decomposed, of 3.3 * 10-*m. Under such conditions iodide 
is only enzymatically oxidized by H2O2 whereas it has been shown 
that there is a substantial nonenzymatic oxidation and incorpora- 
tion of I into tyrosine when 10-* Mm H.Oz is directly added (16), 
or when H.O, is added by diffusion across a cellophane mem- 
brane (5). 

In contrast to the results of Serif and Kirkwood (5) addition 
of cupric ion was not essential for the enzymatic synthesis of 
mono- and diiodotyrosine. It is possible that sufficient cupric 
ion was present as an impurity in the buffer, or the tissue, to 
satisfy the requirement. 

Tyrosine partially inhibited thyroid iodide peroxidase but did 
not affect the salivary enzyme. The reason for this is not known 
but may be related to the finding that other thyroid preparations 
incorporated I'* into protein bound tyrosine (17), whereas sali- 
vary extracts readily utilize free tyrosine. 


SUMMARY 


In the presence of enzymatically generated H.O, salivary and 
thyroid homogenates incorporate substrate amounts of radioio- 
dide into L-tyrosine, forming mono- and diiodotyrosine. An ion 
exchange method is described for separating the iodinated tyro- 
sine compounds from radioiodide. ‘Thiocyanate, azide, cyanide, 
thiouracil, p-aminobenzoate, catalase, and 3-amino-l ,2,4-tri- 
azole, but not perchlorate, markedly inhibit incorporation. 
Manometric experiments demonstrate iodide peroxidase activity 
in the homogenates. Methemoglobin in amounts several fold 
greater than are present in the homogenates cannot peroxidize 
iodide. Azide, cyanide, thiouracil, p-aminobenzoate, and 3- 
amino-1 ,2,4-triazole are potent inhibitors of iodide peroxidase, 
but perchlorate has no effect on the enzyme. Thiocyanate par- 
tially inhibits iodide peroxidase and would appear also to inhibit 
subsequent iodination of tyrosine because it completely prevents 
incorporation. 


Acknowledgment—The technical assistance of Miss Betty J. 
Corcoran and Mrs. Beverly Anderson is gratefully acknowledged. 
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It has been established that acetylglutamic acid or certain re- 
lated compounds are required for the synthesis of carbamyl phos- 
phate by preparations from mammalian (1, 2) and frog liver (3). 
The cofactor is active in catalytic amounts, and attempts to 
demonstrate the formation of an intermediate containing the 
elements of acetylglutamic acid have so far led only to the quan- 
titative recovery of the latter from the reaction mixture (4). 

By the use of different deutero derivatives of acetylglutamic 
acid, it has been shown that none of the carbon-bonded hydro- 
gen atoms exchanges with other components of the reaction me- 
dium (5). Studies on phosphate exchange in the carbamyl! phos- 
phate synthetase reaction have provided evidence against the 
hypothesis that acetylglutamy! phosphate is an intermediate (3). 
In view of the failure of these techniques to detect the existence 
of an intermediate, it was decided to study the mechanism of ac- 
tion of acetylglutamic acid by use of O'. 


EXPERIMENTAL 
Materials 


Citrulline was determined by the method of Archibald (6). 
Inorganic phosphate was estimated as described by Drver et al. 
(7). 

Water containing 1.2 atom per cent excess O* and 18.8 atom 
per cent excess O'8 was purchased from the Stuart Oxygen Com- 
pany and the Weizmann Institute of Science, Rehovoth, Israel, 
respectively. L-Glutamic acid uniformly labeled with C™ was 
obtained from the Schwarz Chemical Company. 1L-Ornithine, 
ADP, unlabeled ATP, and unlabeled acetylglutamic acid were 
commercial preparations. Carbamate kinase from Streptococcus 
faecalis was prepared by Dr. V. A. Knivett, and was stored as a 
frozen aqueous solution. Carbamyl phosphate synthetase was 
prepared from frog liver as previously described (3) and was car- 
ried through the stage of phosphocellulose chromatography, in 
the purification procedure. Ornithine transcarbamylase was pre- 
pared from beef liver by a modification of the method of Burnett 
and Cohen (8) and was carried through the stage of ammonium 
sulfate fractionation. Frog liver ornithine transcarbamylase, 
a by-product of the preparation of carbamyl phosphate syn- 


* This investigation was supported in part by grants from the 
National Cancer Institute, National Institutes of Health, United 
States Public Health Service (No. C-3571); and the Wisconsin 
Alumni Research Foundation. 

Tt Aided by a scholarship from the John and Mary R. Markle 
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tSocony-Mobil Fellow. Present address, Department of 
Chemistry, Harvard University, Cambridge, Massachusetts. 


thetase, was purified in the following manner. After elution of 
carbamyl phosphate synthetase from the phosphocellulose col. 
umn, the ornithine transearbamylase was eluted with a 1-column 
volume of Tris! buffer, pH 7.5 (0.6m). Solid ammonium sulfate 
was added to the eluate to give a concentration of 3.0 M, and the 
suspension was centrifuged for 20 minutes at 10,000 x g. The 
supernatant solution was discarded, and the residue was dissolved 
in sufficient Tris buffer, pH 7.5 (0.025 m), to give a protein con- 
centration of approximately 1 per cent. The solution was heated 
as previously described (8) and the denatured protein was re- 
moved by centrifugation. Solid ammonium sulfate was added 
to give a concentration of 2.5 mM, and the precipitate was recovered 
by centrifugation as described above. The precipitate was dis. 
solved in Tris buffer, as above and stored at —23°. The ae- 
tivity of this preparation was comparable with that of the orni- 
thine transcarbamylase prepared from beef liver and the two 
were used interchangeably. 

The O content of the isolated samples was determined by 
conversion of oxygen to CO. by the Untersaucher method, fol- 
lowed by mass spectrometric analysis (9). Samples of (NH4): 


HPO, were pyrolyzed in the presence of a large excess of carbon f 


black to assure complete conversion. 
Synthesis of Acetylglutamic Acid Labeled with C“ and O%—In 


each case, the method used was a small-scale adaptation of the | 


procedure of Nicolet (10). Acetylglutamiec acid labeled with 
C™ only was prepared by acetylation of uniformly labeled L 
glutamic acid (0.8 we. permg.). Acetylglutamic acid labeled with 
Q's in the carboxyl groups was prepared as follows. L-Glutamie 
acid hydrochloride, 1.86 gm., containing 18 ye. of C4, 0.42 ml. 
of concentrated HCl, and 7.1 ml. of water containing 1.2 atom 
per cent excess O'8 were heated at 120° in a sealed tube for 6} 
hours. The water and HCl were removed by lyophilization, 
and the carboxyl O-labeled glutamic acid was directly acety- 
lated. The product was found to contain 0.73 atom per cent 
excess 

Acetylglutamic acid containing excess O8 in the acetyl group 
was synthesized in the following manner. Glacial acetic acid 
(1.0 ml.), 2.0 ml. of water containing 1.2 atom per cent excess 
O88, and 0.02 ml. of concentrated HCl were heated in a sealed 
tube for 17 hours at 120°. The tube was cooled and the contents 
were neutralized by adding the calculated amount of solid 
NaHCO;. Water was removed in a vacuum desiccator, and the 
resulting residue of sodium acetate containing a trace of NaC. 


abbreviation used is: Tris, tris(hyvdroxymethyl)amino- 
methane-tris(hydroxymethyl)aminomethane hydrochloride buf- 


fer. 
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was further dried at 130°. The product was powdered in a mor- 
tar and added to 1.24 ml. of purified acetyl chloride (11) in a 
microdistillation flask equipped with an air-cooled condenser, a 
collection vessel, and a drying tube to exclude atmospheric mois- 
ture. The flask was heated in an oil bath to 200°, and the total 
distillate of acetic anhydride (1.4 ml.) was used to acetylate 
147 gm, of L-glutamic acid containing 18 ue. of C4. The re- 
sulting acetylglutamic acid was found to have 0.105 atom per 
cent excess 

Synthesis of Carbamyl Phosphate Labeled with O% in Phosphate 
Voiety—Water, 0.3 ml., containing 18.8 atom per cent excess O" 
was placed in a test tube with exclusion of atmospheric moisture 
and frozen in Dry-Ice. PCl;, 870 mg., was quickly added, after 
which the drying tube was replaced. A violent exothermic re- 
action ensued. The reaction mixture was then brought to room 
temperature and allowed to remain at this temperature for 1 
hour. Hydrogen chloride was removed in a vacuum and the 
labeled H3PO,4 was brought to pH 4.9 by addition of 4.0m NH,OH 
and lyophilized. The yield of inorganic phosphate was found to 
be 83 per cent based on either water or PC\. 

The resulting ammonium phosphate was utilized in the syn- 
thesis of carbamyl phosphate by a modification? of the procedure 
of Jones et al. (12). The product was obtained as the crystalline 
diammonium salt. 

Preparation of ATP labeled with O8 in Terminal Phosphate— 
ATP was prepared enzymatically from O'-labeled carbamy|phos- 
phate by reversal of the carbamate kinase reaction (13). The 
reaction mixture contained diammonium carbamy! phosphate la- 
beled with O'8, 1.2 mmoles; ADP, 1.2 mmoles; MgSO,, 1.2 mmoles; 
sodium succinate buffer, pH 5.6, 12 mmoles; carbamate kinase, 
12 units (2). The volume was adjusted to 120 ml. by addition 
of water, and the mixture was then incubated for 15 minutes at 
7°. Norit, 12 gm., was added to the incubation mixture, which 
was then cooled to 0° and stirred for 30 minutes. The Norit 
was recovered by filtration and washed on the filter with 20 ml. 
of cold water. The Norit was then suspended in 240 ml. of a 
5 per cent solution of pyridine in water at 0° and stirred for 15 
minutes. The suspension was filtered and the filtrate was lvoph- 
The dry residue was dissolved in 5 ml. of cold water, 
and the pH adjusted to 7.8 by addition of NaOH after which the 
solution was again lyophilized. This process was repeated twice, 
or until the odor of pyridine was barely detectable. Alterna- 
tively, the residual pyridine in a solution of the lyophilized 
preparation was removed by passing the solution through a 
column (about 1 xX 3 em.) of Dowex 50-Na*. The product 
was analyzed for ATP and ADP by chromatography on Dowex 
1-Cl- (14) and was found to contain 600 umoles and 100 umoles, 
respectively. This material was used without further purifica- 
tion as a source of O-labeled ATP. 


Methods 


Two incubation systems were employed. In Experiment I, 
carbamyl phosphate synthesis was allowed to proceed in O%- 
enriched water. Acetylglutamic acid was isolated from the re- 
action mixture and analyzed for O* content. In addition, in- 
organic phosphate and ADP formed during the course of the 
reaction were isolated. The inorganic phosphate and the termi- 
nal phosphate of ADP were analyzed for O'% to determine 


— whether the cleavage of ATP by the elements of water occurred 


be published. 
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between the oxygen and the terminal phosphorus atom, or be- 
tween the oxygen and the penultimate phosphorus atom. 

In Experiment II, the reaction was carried out in ordinary 
water, and ATP labeled with O' in the terminal phosphate was 
used. Acetylglutamic acid and inorganic phosphate were iso- 
lated and their O content determined. In this experiment, the 
O'8 content of the inorganic phosphate which was liberated was 
used as an estimate of the O' content of the ATP which was 
added to the system, since direct analysis of the latter is com- 
plicated by the presence of an unknown amount of water of hy- 
dration in the preparation. In each case, a small amount of ra- 
dioactive acetylglutamic acid was included to facilitate assay of 
the latter during subsequent isolation procedures. 

The incubation systems used were as follows. In Experiment 
I, t-ornithine (900 uwmoles), ATP (2250 umoles), MgSO, (2250 
mmoles) and acetylglutamic acid (75 uwmoles, containing 75,000 
counts of C') were adjusted to pH 7.5 and lyophilized together. 
The residue was dissolved in 71.25 ml. of water containing 1.2 
atom per cent excess O8. Then 3.75 ml. of NHyHCO; (1.0 m) in 
water of the same O8 content was adjusted to pH 7.5 by gassing 
with COs, and was added to the other substrates. Carbamyl 
phosphate synthetase (360 units (3)) and frog liver ornithine trans- 
carbamylase (830 units (8)), each suspended in 3.0 M ammonium 
sulfate, were mixed and centrifuged for 20 minutes at 10,000 x g. 
The supernatant solution was discarded and the precipitate was 
dissolved in the solution of substrates. The solution was incu- 
bated at 37° for 2 hours. A 0.2-ml. sample was removed for 
analysis of citrulline and inorganic phosphate, and the remain- 
der was lyophilized. The dry powder was mulled with 15 ml. 
of water, and two volumes of ethanol (95 per cent) were added. 
The suspension, after cooling to —23°, was centrifuged at that 
temperature. The supernatant solution was saved and the pre- 
cipitate was resuspended in 22.5 ml. of 65 per cent ethanol at 
room temperature. The suspension was then cooled and cen- 
trifuged as before. The pooled supernatant solutions were eva- 
porated in a vacuum and used for the isolation of acetylglutamic 
acid. The washed precipitate, containing most of the inorganic 
phosphate and virtually all of the nucleotides, was saved for 
isolation of inorganic phosphate and ADP. 

Isolation of Acetylglutamic Acid—The residue obtained by evap- 
oration of the pooled supernatant solutions was dissolved in 10 ml. 
of cold water and applied to a column (2.0 « 7.5 em.) of Dowex 
2-formate equilibrated with water. The charge was allowed to 
sink into the resin and the column was then washed with 20 ml. 
of water, followed by 30 ml. of formic acid (1.0 mM). The wash- 
ings were found to be free of radioactivity and were discarded. 
Formic acid (3.0 m), 20-ml. portions, was then applied to the 
column and 20-ml. fractions were collected. All of the above 
operations were conducted at 0- 4°. Aliquots, 0.1 ml., of each 
fraction were plated on copper planchets and the remainder of 
the fractions was immediately frozen in Dry-Ice-acetone. 

Virtually all of the acetylglutamic acid was found to be present 
in fractions 2 and 3. These were thawed and lyophilized. The 
acetylglutamic acid was further purified by preparative paper 
chromatography at room temperature as previously described 
(15). The solvent used in the present study consisted of n-pro- 
panol, 3 parts, and 1.0 mM acetic acid, | part. The chromatogram 
was dried at room temperature and a guide strip was scanned 
for radioactivity. The acetylglutamic acid was found to be lo- 
cated between Re 0.7 and 0.9. This area of the chromatogram 
was eluted with water. The eluate, after filtration to remove 
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bits of cellulose, was sampled for determination of radioactivity. 
It was found that the over-all recovery of acetylglutamic acid was 
69,000 counts (92 per cent). The solution was lyophilized and 
transferred quantitatively to a weighed platinum boat. The 
acetylglutamic acid formed yellowish crystals of the calculated 
weight upon evaporation in a vacuum over P,QO;. The entire 
sample was needed for O"8 assay, and therefore it was not feasi- 
ble to recrystallize the material. However, since the material 
contained the same number of counts per mg. as the original ace- 
tylglutamic acid added to the reaction mixture, it was deemed 
substantially pure despite the color. 

Isolation of Inorganic Phosphate and ADP—The residue from 
the alcohol extraction of the original reaction mixture was dis- 
solved in 100 ml. of water and 40 ml. of the solution were applied 
to a column (2 X 10 cm.) of Dowex 1-chloride equilibrated 
with water. The column was washed with 100 ml. of water and 
the washings were discarded. The column was then treated with 
240 ml. of HCI (0.01 n), followed by 240 ml. of HCl (0.01 Nn) con- 
taining NaCl (0.1 m); 20-ml. fractions were collected. All of the 
above operations were conducted at 0—4°. 

All of the inorganic phosphate was found to be in fractions 14 
to 16. These were pooled and treated with Norit to remove 
traces of nucleotides. Inorganic phosphate was then isolated as 
the barium salt, as described by Cohn (16). For purposes of 
O'* analysis, the barium salt was converted to the dibasic am- 
monium salt in the following manner. The barium salt was sus- 
pended in 20 ml. of water, and 1.0 gm., dry weight, of Dowex 50 
in the ammonium form was added. The mixture was stirred 
vigorously for 1 hour at 4° and then filtered. The filtrate was 
made slightly alkaline by addition of dilute NH,OH, and then 
lyophilized. The residue was then dissolved in 1.0 ml. of water. 
Two volumes of ethanol were added and the (NH,4)2HPO, allowed 
to crystallize at 4°. The crystals were dried in a vacuum over 
P.O;. A sample was analyzed for inorganic phosphate and was 
found to contain exactly the theoretical amount. 

Fractions 17 to 21 from the Dowex 1 column were found to 
contain most of the ADP and were completely free of inorganic 
phosphate. These fractions were pooled and an aliquot was 


TABLE I 


Citrulline synthesis and inorganic phosphate release 
in reaction mixtures 


Citrulline Inorganic phos- Ratio of phosphate 


released to citrul- 
| synthesized phate released line synthesized 


Experiment No. 


pmoles/mil. 


| pmoles/ml. 
1 | 6.4 27.2 4.25 
2 12.0 | 26.2 | 2.18 
TABLE II 


Citrulline synthesis in O'8-labeled water 
O'8 content of samples isolated in Experiment I 


Sample Atom % excess 0!'8 
Acetylglutamic acid............... —0.001 
Inorganic phosphate............. 0.27 
Terminal phosphate of ADP....... | 0.000* 


* These figures were obtained by multiplying the observed O'8 
content by the dilution factors given in the text. 


Carbamyl Phosphate Synthetase 


Vol. 234, No. § 


withdrawn for characterization of the nucleotide. The ratio oj 


adenine-labile phosphate-total phosphate was found to be 1.00:] 
0.99:1.99 (17) which established the identity and purity of thf} 


material. The pooled fractions were stirred with 5.0 gm. oj 
Norit for 30 minutes at 0°, after which the Norit was recovere, 
by filtration, after being washed with a small volume of water 
The labile phosphate of the adsorbed ADP was obtained by 
acid treatment as described by Cohn and Drysdale (18) fo 
the isolation of the labile phosphates of ATP. The resulting 
inorganic phosphate was isolated as the barium salt, which was 
subsequently converted to the ammonium salt as described 
above. The sample was diluted with an equal amount of ordj- 
nary dibasic ammonium phosphate before analysis for 0". 

In Experiment II an incubation system somewhat different 
from that in Experiment I was used. Because of the high 0» 
content of the ATP in Experiment II compared with the 0 
content of the water used in Experiment I, it was not cop. 
sidered necessary to obtain maximum turnover of the acetyl 
glutamic acid by keeping the concentration of the latter low, ag 
was the case in Experiment I. In addition, it was, of course, 
unnecessary to lyophilize the substrates, since ordinary water 
was used as the solvent. The reaction medium contained 1 
ornithine (300 uwmoles), ATP labeled with O' (600 pumoles), 
MgSO, (600 umoles), acetylglutamic acid (200 uwmoles, contain. 
ing 75,000 counts of C™), NH,HCOs; (1000 ywmoles), carbamy! 
phosphate synthetase (100 units), and beef liver ornithine trans. 
carbamylase (27 units). All substrates were adjusted to pH 7.5, 

The final volume was 20 ml. The preparation was incubated 
at 37° for 2 hours, and a small sample was withdrawn for assay 
of citrulline and inorganic phosphate. 

Acetylglutamic acid was isolated as in Experiment I. 
case, the acetylglutamic acid recovered from the paper chromato- 


gram was recrystallized by dissolving in a minimum volume oj 


water at room temperature and cooling to 0°. 

Inorganic phosphate was isolated as the dibasic ammonium 
salt as before. 
this sample, it was diluted with 19 parts of ordinary dibasic am- 
monium phosphate before analysis. 

Mock Isolation of Samples of Acetylglutamic Acid of Known 0" 
Content—In order to ascertain that the isolation methods which 


were used did not result in loss of O'8 from acetylglutamic acid, | 


samples of the latter labeled in the carboxyl groups and in the 


acetyl group were reisolated under the same conditions which | 


were used for isolation of acetylglutamic acid in Experiments 
I and II. 


RESULTS 


The amounts of citrulline synthesized and inorganic phosphate 


released in Experiments I and II are presented in Table I. It! 
will be noted that in Experiment I the ratio of phosphate released | 
to citrulline synthesized is much higher than the 2:1 ratio usually | 


observed. No adequate explanation of this can be offered at 
present. 
phate-citrulline ratio have previously been reported (19). 


The O" contents of samples of acetylglutamic acid, inorganic | 
phosphate, and the terminal phosphate of ADP from Experiment © 
The contents of acetylglutamic 


I are reported in Table II. 
acid and inorganic phosphate from Experiment II are presented 
in Table III. 
+1 per cent, and in the case of the acetylglutamic acid isolated 


in Experiments I and II, and the terminal phosphate of ADP 


Certain conditions which give rise to an altered phos | 


In this} 


Because of the very high labeling expected in) 


The accuracy of the O" analyses is of the order of | 
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fom Experiment I, a deviation of 1 per cent from the normal 


1.00; } abundance of (0.204 atom per cent) would have been con- 
oF the sidered to be of borderline significance. It can be seen that, by 
Mm. Of this criterion, the above samples are not significantly labeled. 
vered} The synthetic samples enriched with O'* were analyzed for 
vater.F ois content before and after mock isolation. The results are 
d by presented in Table [V. It is apparent that acetylglutamic acid 
) for enriched with O either in the carboxy] groups or the acetyl group 
Alting loses little or no O* during the isolation procedures which were 
1 we used. 
Tibed The inorganic phosphate isolated from Experiment I would be 
ordi- expected to contain excess O" in only one of the four oxygen 
atoms, ¢.e. that contributed by the water during the hydrolysis 
erent} of ATP. Thus, the labeling of that atom would be 4 times greater 
h OF than that found for the whole molecule, or 1.08 atom per cent 
dei excess. By a similar argument, it is seen that only three of the 
on} four oxygen atoms of inorganic phosphate from Experiment II 
“ety | ould be enriched with O", and the three positions containing 
4% 1 the label are calculated to contain 15.5 atom per cent excess 
DISCUSSION 
od t| The finding that the inorganic phosphate produced in Experi- 
oles), | ment I contains excess O"*, whereas the ADP does not, indicates 
tain. } that ATP is cleaved between the bridge oxygen and the terminal 
amyl} phosphorus, rather than the penultimate phosphorus. This 
rans} mechanism is in harmony with that found for other enzyme sys- 
17.5} tems which remove the terminal phosphate of ATP (20-22). 
vated | Consequently, the question of whether or not the bridge oxygen of 
ussay | the ATP used in Experiment II contains excess O'* is of no rele- 


vance to the present study. However, it can be predicted by 
. this analogy with other kinases that the synthesis of ATP by car- 


yato-} bamate kinase would give rise to a product which would not be 
1e of labeled in the bridge oxygen. 

The lack of labeling of acetylglutamate in Experiments I and 
1ium| Il allows certain hypothetical intermediates, either free or en- 
din’ zyme-bound, to be excluded. Any compound in which carboxyl 


am-| oracetyl oxygen of acetylglutamic acid must be replaced by an- 
other element cannot be functioning as an intermediate. Ex- 


2 OX! amples of such compounds would be amides of acetylglutamic 
hich} acid with either free ammonia or lysine residues of the enzyme, 
ucid,| or thio esters with cysteine residues of the enzyme. Experiment 
the} Lestablishes that if such compounds exist in the reaction mixture, 
hich} they are not subsequently cleaved by the elements of water or 
ents} carbonic acid, since the oxygen atoms of the latter rapidly equi- 
1. Grisoita, 8., AND Conen, P. P., J. Biol. Chem., 204, 753 
(1953). 
hate} 2. MetzenperG, R. L., L. M., M., ANp CoHEN, 


It! P. P., J. Biol. Chem., 229, 1019 (1957). 

3. MarsHALL, M., Merzenpera, R. L., anp Conen, P. P., J. 
Biol. Chem., 233, 102 (1958). 

4. Havy, L. M., Doctoral Thesis, University of Wisconsin, 1956. 

at} 5. Grisouia, 8., Burris, R. H., ann Conen, P. P., J. Biol. 


hos | Chem., 210, 761 (1954). 
6. ARCHIBALD, R. M., J. Biol. Chem., 156, 121 (1944). 
Dryer, R. L., Tames, A. R., AND Rovurtn, J. I., J. Biol. 
rent Chem., 226, 177 (1957). 
wie G. H., Couen, P. P., J. Biol. Chem., 229, 337 
ited | . Doprina, W. E., ANpb Dorrman, E., J. Am. Chem. Soc., 75, 


5595 (1953). 

10. Nico.et, B., J. Am. Chem. Soc., 62, 1192 (1930). 

ll. Firser, L. F., Experiments in organic chemistry, 2nd edition, 
D. C. Heath and Company, Boston, 1941, p. 380. 


= 


Metzenberg, Marshall, Cohen, and Miller 


TABLE III 


Citrulline synthesis using O'8-labeled ATP 
O'8 content of samples isolated in Experiment II 


Sample Atom excess 
Acetylglutamic acid............... | 0.001 
Inorganic phosphate...... 11.6* 


* These figures were obtained by multiplying the observed O'8 
content by the dilution factors given in the text. 


TaBLe LV 
O'8 content of synthetic acetylglutamic acid samples 
Atom % excess O'8 
Sample 
Before mock After mock 

isolation isolation 

Acetylglutamiec acid | 0.73 0.71 
Acetylglutamie acid (NHCO%CH;)....... 0.105 0.109 


librate with water. Experiment II demonstrates that such com- 
pounds are not subsequently cleaved by the terminal phosphate 
of ATP. 

It is clear that these data do not exclude certain plausible inter- 
mediates: acetylglutamic acid might be involved in an anhydride 
linkage with carbonic or phosphoric acid, or an ester linkage with 
serine or threonine residues of the enzyme. However, the results 
do impose certain restrictions on the mechanism of action of these 
hypothetical intermediates. From the present study, it may be 
concluded that, if a compound of the above sort does function 
as an intermediate, it must be both formed, and subsequently 
cleaved, in such a manner that acetylglutamic acid retains its 
orginal oxygen atoms. 

SUMMARY 


1. Techniques are described for the synthesis of N-acetylglu- 
tamic acid, carbamyl phosphate, and adenosine triphosphate 
labeled with 

2. It was found that neither the oxygen of water, nor the oxy- 
gen of the terminal phosphate of adenosine triphosphate, is in- 
corporated into N-acetylglutamic acid in the carbamyl phos- 
phate synthetase reaction. 

3. Some implications of these observations are discussed. 
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The synthesis of N!°-formy] tetrahydrofolic acid is carried out 
by the formate-activating enzyme (also called tetrahydrofolate 
formylase (1, 2) as shown in Reaction 1: 


Formate + ATP + tetrahydrofolate 


N?°-formyl tetrahydrofolate + ADP + P;' (1) 


This enzyme has been purified extensively from pigeon liver 
(3, 4) and Micrococcus aerogenes (5, 6) and has been crystallized 
from Clostridium cylindrosporum (7, 8). Evidence concerning 
the mechanism of Reaction 1 has been presented previously 
(4-6). 
the formate-activating enzyme from M. aerogenes, and the dis- 
tribution of the enzyme in various other microorganisms. 


EXPERIMENTAL 


Materials—Chemicals were obtained from the following 
sources: ATP, ADP, AMP, GTP, GDP, ITP, CTP, UTP, and 
glucose-6-P dehydrogenase from the Sigma Chemical Company; 
hexokinase from the Pabst Laboratories; lactic dehydrogenase 
and aminopterin from Mann Laboratories, Inc.; TPN from the 
Nutritional Biochemical Corporation; folic acid and phospho- 
enolpyruvate from the California Foundation for Biochemical 
Research; amethopterin from Bios Laboratories; and DEAE- 
cellulose from Eastman Organic Chemicals. N*-formy] tetra- 
hydrofolate was generously provided by Dr. E. L. R. Stokstad 
of Lederle Laboratories. 

Tetrahydrofolate was prepared by the catalytic reduction of 
folic acid with a modification (9) of the method of O’Dell et al. 
(10). The material was completely stable when stored in a 
vacuum as a lyophilized powder. Immediately before use,? a 
solution was prepared containing 5 mg. per ml. in 10-7 Mm mercap- 
toethanol or cysteine at pH 7.0. Dihydrofolate was prepared by 
reduction of folic acid with hydrosulfite according to Futterman 
(12). N*-formyl tetrahydrofolate was converted to 
methenyl! tetrahydrofolate by acidification (13). This was con- 
verted to N!°-formyl tetrahydrofolate by dissolving the latter 


* This work was supported by the American Cancer Society, the 
Institutional Grant of the American Cancer Society, the Atomic 
Energy Commission (Contract No. AT (45-1)-783), the United 
States Public Health Service, and the Life Insurance Medical Re- 
search Fund. 

1 The abbreviations used are: Pj, inorganic phosphate; EDTA, 
ethylenediaminetetraacetic acid; Tris, tris(hydroxymethyl)- 
aminomethane. 

2 Even in the presence of reducing agents, tetrahydrofolate un- 
dergoes air oxidation to dihydrofolate (11). 


This paper describes the purification and properties of 


compound in 0.1 M phosphate buffer to give a final pH of ap- 
proximately 7.0 (14). 

The method of Keilin and Hartree (15) was used for the prep- 
aration of calcium phosphate gel. Commercial DEAK -cellulose 
was washed exhaustively with 1 m K,HPO, to remove ultra. 
violet-absorbing material, washed with water, and adjusted to 
pH 6.2 with 1 n HCl. 

M. aerogenes, Micrococcus prevotit, and Micrococcus anaerobius 
were grown in a peptone-yeast extract-salts medium supple- 
mented with glutamate (16). Strains of Micrococcus lactilyticus 
were grown in a complex lactate medium (17). Proteus vulgaris, 


Bacillus megatherium, Bacillus brevis, Pseudomonas aeruginosa, } 


Staphylococcus albus, Sarcina lutea, and Cytophaga succinicans, 
strain 8 (18), were grown in nutrient broth with aeration. Strep- 


tococcus faecalis, Escherichia coli, and Saccharomyces cerevisiae } 


were grown with aeration in nutrient broth containing | per cent 
glucose, and C. cylindrosporum was grown in the uric acid me- 
dium of Rabinowitz and Barker (19). 


and Clostridium tetanomorphum, and to Dr. H. C. Douglas, Dr. 


D. Stadler, and Mr. R. L. Anderson, respectively, for prepara- 7 


tions of Rhodomicrobium vannielit, Neurospora crassa, and C, suc- 
cinicans. 


Methods—ATP and ADP were estimated spectrophotometr: 
cally after separation on Dowex 1-formate columns (20) and P, > 


was determined colorimetrically (21). 
Formate-activating enzyme was assayed by measurement of 
the N!°-formy] tetrahydrofolate formed in Reaction 1. 


in a total volume of 1.1 ml. The reaction mixture was incu- 
bated at 30° for 10 minutes, diluted 1:20 with 3.5 per cent per 
chloric acid, and allowed to stand for 10 minutes; any visible 
denatured protein was removed by centrifugation. 
conditions, the 
zymatic reaction is converted to N*,N'methenyl tetrahydro- 
folate (13, 22) and the latter compound is estimated by light 
absorption at 355 mu = 22 10% em. per mole). One unit 
of enzyme is defined as that amount which forms 1 pmole o 
N*-formyl] tetrahydrofolate in 10 minutes under the above con 
ditions. The amount of protein in the enzyme preparation was 


We are indebted to Dr. [ 
H. A. Barker for lyophilized preparations of Clostridium kluyveri | 


The 
say reaction mixture contained 50 uwmoles of formate, 2.5 wmoles | 
of ATP, 1.0 umole of dl-tetrahydrofolate, 50 wmoles of maleate | 
buffer (pH 7.5), 50 umoles of sodium fluoride, 10 wmoles of mer- } 
captoethanol or cysteine, 40 of MgCl., and the enzyme ; 


Under these | 
N'®-formyl tetrahydrofolate formed in the en 


determined by the biuret reaction (23) or by the ratio of light) 


absorption at 280 and 260 my (24). 
as units of enzyme per milligram of protein. 
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"> sonication and centrifugation. 
were combined and either fractionated further or stored frozen 


stirring to each 10 ml. of the supernatant fraction. 
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ATP formed by reversal of Reaction 1 was measured by the 
combined action of hexokinase and glucose-6-P dehydrogenase 
(25). The reaction mixture contained 0.7 umole of TPN, 1.25 
ymoles of ADP, 60 uwmoles of maleate buffer (pH 7.5), 8 umoles 
of MgCle, 5 wmoles of mercaptoethanol, 50 umoles of glucose, 
0.3 mg. of glucose-6-P dehydrogenase, 0.1 mg. of hexokinase, 0.8 
umole of V!°-formy] tetrahydrofolate, and 0.05 mg. of formate- 
activating enzyme in a total volume of 1.0 ml. After addition 
of the formate-activating enzyme, the change in optical density 
at 340 mp (AE 349) was followed over a 15-minute period. 

Cyclohydrolase activity was measured according to Rabino- 
witz and Pricer (26). 

In certain experiments, where it was desirable to follow changes 
in the entire absorption spectrum, 7.e. in the conversion of tetra- 
hydrofolate to N?°-formyl tetrahydrofolate or the attempted re- 
placement of tetrahydrofolate by dihydrofolate or N®-formy] 
tetrahydrofolate, the Cary recording spectrophotometer, model 
11 M, was employed. 


RESULTS AND DISCUSSION 


Purification of Enzyme from Micrococcus aerogenes—|kxtraction 
of the enzyme from the bacteria and all of the subsequent purifi- 
cation steps were carried out at 0-5°. Unless otherwise speci- 
fied, all centrifugations were performed in the Servall angle 
centrifuge at 10,000 r.p.m. for 20 to 30 minutes. Five gm. (wet 
weight) of packed cells of M. aerogenes were suspended in 20 ml. 


of 10°? M mercaptoethanol and subjected to sonication in a 10 ke. 
Raytheon oscillator for 45 to 60 minutes. 


The sonicate was 
centrifuged, the supernatant fraction was removed, and the de- 


pris and remaining intact cells were resuspended in approxi- 


mately 10 ml. of 107% M mercaptoethanol and again subjected to 
The two supernatant solutions 


at -10°. Very little loss.in activity of the extract was observed 
alter 5 to 7 days of storage at this temperature. 

The above sonic extracts were centrifuged at 65,900 Xx g in the 
Spinco preparative centrifuge (No. 30 rotor) for 3 hours and the 
supernatant fraction containing approximately 20 mg. of protein 
per ml. was collected. One ml. of a 2 per cent solution of pro- 
tamine sulfate at pH 7.0 was added slowly and with mechanical 
The pro- 
tamine precipitate was removed by centrifugation and the super- 
natant fraction was brought to pH 6.0 by the addition of 10-? 
weacetic acid. Calcium phosphate gel (0.1 volume) (approxi- 


mately 20 mg. per ml.) was added with stirring, the gel removed 


by centrifugation, and the supernatant fraction carefully ad- 
justed to pH 7.0 by addition of 10-? m NH,OH. 

Solid ammonium sulfate, 35 gm., was added slowly to each 100 
ml. of solution (approximately 50 per cent saturation), and the 
precipitate was removed by centrifugation and discarded. The 
fraction precipitating upon further addition of 24.5 gm. of solid 


ammonium sulfate (to give approximately 85 per cent satura- 


tion) was collected by centrifugation, dissolved in 35 to 40 ml. of 
10-3 M mercaptoethanol and dialyzed for 16 hours against 4 |. of 
lO M mercaptoethanol. At this point, the preparation was re- 


fractionated by the addition of saturated alkaline ammonium 


sulfate at pH 8.0. At 50 per cent saturation the precipitate was 
collected by centrifugation and discarded. Further addition of 


_ alkaline ammonium sulfate to give 75 per cent saturation yielded 


/4second precipitate which was dissolved in 10-3 mM mercapto- 
¢thanol and dialyzed as above; the slight precipitate which 
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formed during dialysis was removed by centrifugation and dis- 
carded. The preparation was adjusted to pH 6.0 and 0.5 ml. of 
calcium phosphate gel was added per each 10 ml. The gel was 
removed by centrifugation and the supernatant solution was then 
refractionated either with alkaline ammonium sulfate, as above, 
or with ZnCl». In the latter procedure, the precipitate obtained 
upon addition of 2 volumes of 0.05 N ZnCl. was discarded and 
the supernatant fluid was treated with an additional 2 volumes 
of the same solution. The precipitate formed in this step was 
dissolved in a solution containing 5 10-7? mM EDTA and 
mercaptoethanol and dialyzed against 10°? m EDTA. 

Further purification was obtained by chromatography of the 
preparation on a DEAE-cellulose column with gradient elution 
with phosphate buffer at pH 6.2. A glass column (1.2 x 30 
em.) was filled to a height of 25 em. with DEAE-cellulose, and 
the adsorbent was equilibrated with 7.5 10-7? m K2HPO, buffer 
(pH 6.2) containing 0.05 per cent mercaptoethanol. The sam- 
ple, consisting of 50 to 120 mg. of total protein in a volume of 
5 to 10 ml., was equilibrated by dialysis for 4 hours against the 
above buffer and added slowly to the top of the column. Gradi- 
ent elution was begun with the mixing chamber containing 300 
ml. of the equilibrating buffer and the reservoir filled with 0.5 m 
K.HPO, buffer (pH 6.2) with 0.05 per cent mereaptoethanol. 
Fractions of 4 ml. of the effluent were obtained with a Technicon 
time-flow automatic fraction collector. A typical elution profile, 
showing both total protein and specific activity of the formate- 
activating enzyme, is given in Fig. 1. 

After chromatography the formate-activating enzyme is color- 
less and free from adenylate kinase, ATPase, nucleotide trans- 
phosphorylase, phosphoenolpyruvate kinase, acetate-activating 
enzyme, acetokinase, evelohydrolase, and folinic isomerase, all 
of which are present in the early fractions. 

A summary of the purification procedure is shown in Table 1; 
a 60-fold increase in specific activity is achieved by the con- 
ventional precipitation and adsorption techniques and a further 
4- to 10-fold increase is attained by use of DEAE columns. 
Fractions from the DEAK column are more labile to dilution 
and to freezing than earlier fractions and consequently are stored 
at 0-5°. Loss of activity upon storage may be retarded some- 
what by the addition of 10°° Mm mercaptoethanol and either serum 
albumin (10 mg. per ml., final concentration) or glycerol (25 per 
cent by volume, final concentration). 

Reaction Product: N*°-formyl Tetrahydrofolate—The product 
formed in Reaction | is identified spectrophotometrically as 


0.600: -600 
0.500- 500 > 
A 
0.300: -300 & 


lO 20 30 40 50 60 70 80 
Fraction Number 
Fic. 1. Chromatography of formate-activating enzyme on 
DEAE-cellulose. 60 mg. of protein from Step 6, Table I, were 
chromatographed on a DEAE-cellulose column as described in 
optical density at 280 my (Fes); ——, 
specific activity. 
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TaBLeE I 
Purification of formate-activaling enzyme from M. aerogenes 


Step Fraction | ll Recovery 
mg units % 
1 | Sonicate 1,655 9.5 | 15,700 | 100.0 
2 | Protamine supernatant 940 14.7 | 13,800 | 87.5 
3 | Gel supernatant 742 17.9 | 13,200 | 84.2 
4 | Ist (NH4)2SO, ppt., 50- | 332 40.4 | 13,400) 85.4 
85% saturation 
5 | Gel supernatant 128 94.3 | 12,050 76.8 
6 | 2nd (NH4)2S5O0,4 ppt.,* | 62 181.0 | 11,200) 71.5 
50-70% saturation 
7 | DEAE-cellulose column | 
Fraction No. 40 | 2.0 | 202 404 | 
41 1,840. 
42 | 3.4 | 495 1,670 
43 | 3.7 | 281 1,040 | 
| 44 | 3.9 55 205 | 
| 45 4.0 45 180 | 
| > No. 40-45 | 5,379 | 34.3 


* If this step is replaced by the fractionation procedure with 
ZnCl. (see ““Experimental’’), approximately the same increase in 
specific activity and recovery are obtained. 


N*,N**methenyl tetrahydrofolate after acid deproteinization 
(1-6, 22, 26); this procedure, however, will not distinguish be- 
tween N'-formy! tetrahydrofolate and N*,N!°-methenyl tetra- 
hydrofolate as the primary reaction product, since acidification 
converts the former into the latter. The identity of the for- 
mylated derivative in Reaction 1 can be established by means 
of the spectrophotometric experiment shown in Fig. 2. Curve A 
represents the spectrum of tetrahydrofolate (Amax at 298 my) in 
the presence of enzyme and formate; there is no change in this 
spectrum upon standing for 5 to 10 minutes. Upon the addition 
of ATP, the spectrum changes rapidly to that shown in Curve B. 
When Curve B is corrected for the contribution due to the un- 


TaBLe II 
Stoichiometry for N}°-formyl tetrahydrofolate formation 

In Experiment I, the reaction mixture contained the following: 
10 umoles of ATP, 8 wmoles of di-tetrahydrofolate, 50 umoles of 
formate, 40 umoles of MgCle, 50 wmoles of NaF, 50 umoles of 
maleate buffer, pH 7.5, 10 umoles of cvsteine, and 0.5 mg. of puri- 
fied formate-activating enzyme (a DEAE-cellulose column frac- 
tion with a specific activity of approximately 200) in a volume of 
1.6ml. The reaction mixture used in Experiment IIL was identical 
to that of Experiment I except that 4 wmoles of dl-tetrahydro- 
folate were used. 


Component Amount 
umoles 
Experiment I 
N’°-formy] tetrahydrofolate +2.80 
ATP —2.71 
ADP +2.68 
Experiment II 
N'°-formyl tetrahydrofolate 1.70 
P; 1.68 


Formate Activating Enzyme 
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changed isomer of the dl-tetrahydrofolate, Curve C, representing 
the product, N!-formyl tetrahydrofolate (Amax at 260 my, 
shoulder at 300 muy, ratio E3o0/E260 = 0.57; theoretical ratio, 
E300/E29 = 0.57), is obtained. In order to minimize the inter. 


TABLE III 
Component study for formate-activating enzyme 

Standard assay method as described in ‘‘Experimental,’’ with 
2.5 wymoles of each nucleotide, 1.0 wmole of dl-tetrahydrofolate, 5 
umoles of formate, 50 umoles of formamide, 20 uwmoles of formalde. 
hyde, 40 umoles of MgCl, 10 umoles of mercaptoethanol, 50 umoles 
of maleate buffer, pH 7.5, and 4 ug. of purified formate-activating 
enzyme (a DEAE-cellulose column fraction with a specific ae. 
tivity of 500). 


pmoles | 
None None 0.352 | 
Tetrahydrofolate None 0.003 | 

ATP ADP or GDP 0.020 
ATP None 0.020 & 
ATP ITP, GTP, UTP, or 0.030 , 
CTP | 

HCOOH None 0.030 
HCOOH HCONH, or HCHO 0.027 
Mg** None 0.024 
Mercaptoethanol None 0.107 gg 
Enzyme None 0.020 4 
« 

A 
2.00: & 
fi 
( 
1.50- 
a 
| .OO 0) 
lc 
050- 

O-— + ul 
250 300 350 400 hy 
Wovelength (mz) 5 
Fic. 2. Spectrophotometric demonstration of N'°-formyl tetra. 
hydrofolate formation. The experimental cuvette contained the sp 


following: 0.2 umole of dl-tetrahydrofolate, 50 umoles of Tris buf- 
fer, pH 7.5, 20 umoles of cysteine, 20 umoles of MgCl, 50 umoles 
of sodium formate, 100 uymoles of KCl, 1 umole of phosphoenolpy- © 
ruvate, 0.02 mg. of lactic dehydrogenase containing pyruvic kinase, 
and 4 ug. of purified formate-activating enzyme (a DEAE-cellulose — 
column fraction with a specific activity of 500) in a total volume 
of 2.0 ml. The blank cuvette contained all of the above compo- 
nents except tetrahydrofolate. After an initial spectrum (Cure 
A) was measured, the reaction was started by the addition of 0.6 
umole of ATP. Curve B shows the spectrum after the reaction — 
was completed (about 5 minutes). Curve C represents the spec- 
trum of the product after subtraction of the contribution made 
by the unreactive isomer of tetrahydrofolate. 


4 
is 


— jiver (2, 3) and C. cylindrosporum (22). 


pounds. 
stitute for ATP, and formate cannot be replaced by formalde- 
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ference in light absorption in the region of 260 my, only a cata- 
lytic amount of ATP was used and a large amount of phosphoenol- 
pyruvate and pyruvic kinase was added. 

Although N?°-formy] tetrahydrofolate was demonstrated in the 
above experiment as the product of Reaction 1, the possibility re- 
mained that it might have been produced from N°, N!°methenyl 
tetrahydrofolate as a consequence of the cyclohydrolase reaction 
(27) since the equilibrium of Reaction 2 lies far to the right at 
pH 7.5 (27). However, no cyclohydrolase activity could be 


(V,.V!0-methenyl tetrahydrofolate)* + 


(2) 


detected in the purified enzyme from M. aerogenes, and it was 
concluded, therefore, that N!°-formyl tetrahydrofolate is the 
primary reaction product. 

Stoichiometry and Cofactor Requirements—Evidence for the stoi- 
chiometry of Reaction 1 is presented in Table I1; comparable 
data have been reported with the enzymes derived from pigeon 
The data in Table III 
indicate that the reactants cannot be replaced by related com- 
ITP, GTP, CTP, UTP, ADP, and GDP cannot sub- 


=< N!°-formy] tetrahydrofolate + H* 


hyde or formamide. 
Furthermore, folic acid, dihydrofolate and N*-formy] tetrahy- 


 drofolate, all of which have a potentially reactive N°-position, 
- cannot serve as the formyl acceptor in Reaction 1. 
- reaction mixtures similar to those used in Fig. 2 (except that 
 tetrahydrofolate was replaced by one of the above compounds) 
- were examined in the recording spectrophotometer. 


Complete 


No spectral 
changes were observed, although the spectra of the N!°-formy] 
derivatives differ markedly from those of the parent compounds. 

The requirement for a divalent metal ion is demonstrated in 
Table 1V. Mg++ and Mn++ are most effective, but other diva- 
lent metal ions also function to a lesser extent. It should be 
noted that Ca++ and Zn**, which partially activate the enzyme 


from C. cylindrosporum (28), are inactive in the present system. 


Conversely, Cu++, which partially activates the M. aerogenes 


enzyme, is without effect in the C. cylindrosporum system. 


The optimal pH for the reaction was found to be 7.5; maleate 


and Tris buffers were approximately equivalent, while the rate 
of formation of N?!°-formyl tetrahydrofolate was consistently 
lower in phosphate buffers. 


Mercaptoethanol may be replaced 


TABLE IV 
Metal ton requirement of formate-activating enzyme 
Standard assay method as described in ‘‘Experimental,’’ with 40 
umoles of each metal ion, 2.5 umoles of ATP, 1.0 umole of dl-tetra- 
hydrofolate, 50 umoles of formate, 10 wymoles of mercaptoethanol, 
0 umoles of maleate buffer, pH 7.5, and 4 ug. of a purified formate- 


activating enzyme (a DEAE-cellulose column fraction with a 


specific activity of 500). 


Metal ion formyl] tetrahydrofolate 

pmoles 
None 0.003 
Mn** 0.270 
Mg*+ | 0.230 
Cott 0.178 
Fett 0.139 
Cut+ 0.065 
Nit+ | 0.054 
Cat*+, Bat**, or Zn** | 0.003 
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6.0- 
5.0- 
FORMATE 
40; 
~ 
30- 'Q10- 
x A 
20- 
X 10° 


2 


io" 


0 


i/S X10 
S X 10° 


Fic. 3. Determination of Michaelis constants. A, Effect of 
formate concentration; B, effect of ATP concentration; C, effect 
of tetrahydrofolate concentration. N'!°-formyl tetrahydrofolate 
formation was determined by the standard assay procedure as de- 
scribed in ‘‘Experimental’’ (with the use of a DEAE-cellulose col- 
umn fraction with a specific activity of 500) except that a 5-min- 
ute incubation period was used. Velocity, v, is expressed as 
umoles of N!°-formyl] tetrahydrofolate in a volume of 1.1 ml. per 5 
minutes; substrate concentration, S, is in units of moles per liter. 
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TABLE V 
Component study for ATP synthesis from N*°-formyl 
tetrahydrofolate 


Standard assay as described in ‘‘Experimental.”’ 


Formate Activating Enzyme 


Omission AE x0 
None 0.499 
ADP 0.017 
N'°-formy] tetrahydrofolate 0.030 
Formate-activating enzyme 0.030 
Glucose-6-P dehydrogenase, or hexo- 0.047 

kinase, or glucose 

Mg** 0.017 


TaBLe VI 


Formate-activating enzyme in extracts 
of various microorganisms 


The values given represent the range encountered in two or 


more separate cultures. 


Microorganism Specific activity 
pmoles N'°-formyl tetrahy- 
drofolate per mg. protein 

Micrococcus aerogenes 10-28 
M. lactilyticus, strain 221 0.5-1.0 
M. lactilyticus, strain 416 3.2-5.0 
M. prevotii 1.0-1.5 
M. anaerobius 1.0-1.8 
Clostridium cylindrosporum 50-100 
C’. tetanomorphum 0.4-0.6 
C'. kluyvert 0.3-0.4 
Bacillus megatherium 0.7-1.0 
B. brevis 0.5-0.7 
Escherichia coli 0.1-0.3 
Proteus vulgaris 0.1-0.2 
Streptococcus faecalis 0.1-0.2 
Staphylococcus albus 0.05-0.2 
Sarcina lutea 0.05-0.1 
Pseudomonas aeruginosa 0.03-0.04 
Cytophaga succinicans, strain § 0.04-0.06 
Rhodomicrobium vannielti 0.3-0.5 
Saccharomyces cerevisiae 0.3-0.4 
Neurospora crassa 0.4-0.5 


by cysteine, glutathione, dimercaptopropanol, or ascorbic 
acid. 

Inhibitors—The formation of N'°-formyl tetrahydrofolate is 
inhibited to the extent of 50 per cent by pyrophosphate or EDTA 
at a final concentration of 5 x 10-* m; the inhibition may be 
overcome by increasing the concentration of divalent metal ion. 
The enzyme is also inhibited 50 per cent in the presence of 10-5 
m p-chloromercuribenzoate. No appreciable inhibition is pro- 
duced by 2 m hydroxylamine, by 10-' m azide, cyanide, arsenite, 
and hypophosphite, or by 10-* m aminopterin and amethopterin. 

K,, Values—The effect of concentration of formate, ATP, and 
tetrahydrofolate on the rate of Reaction 1 is shown in Fig. 3. 
Analysis of these data by the method of Lineweaver and Burk 
(29) yields the following K,, values: 2.5 X 10-? m for formate; 
1.1 10-4 m for ATP; and 1.1 X 10-* for dl-tetrahydrofolate. 
The latter two values are similar to those reported for the en- 
zyme isolated from C. cylindrosporum (28), while the value for 
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formate is approximately 10-fold larger. The M. aerogenes ep. 
zyme, therefore, may be used for the assay of ATP, tetrahydro. 
folate, or formate, although small amounts of formate cannot be 


detected as readily with the M. aerogenes enzyme as with the? 


C. cylindrosporum enzyme because of the lower affinity of the! 


former for this substrate. 


Reversibility of Reaction—Reversal of Reaction 1 can bl 


achieved by “trapping” the ATP with the hexokinase and glu. 


cose-6-P dehydrogenase systems and TPN (25) according to Re. ) 


actions 3 and 4: 
ATP + glucose oo. glucose-6-P + ADP 3) 
Glucose-6-P + 


6-phosphogluconate + TPNH + Ht (4. 


From the data in Table V, it is evident that ATP can be synthe. 
sized from ADP and P; in the presence of N!°-formyl tetrahydro- 
folate and the purified formate-activating enzyme. The reverse 
reaction also requires a divalent metal ion and a reducing agent, 


and is inhibited approximately 50 per cent in the presence of | 
5 X 10-* M pyrophosphate or EDTA, and 10-* m p-chloromer. | 


curibenzoate. 


Distribution—Various microorganisms, characterized by dif- | 
ferent metabolic patterns, were surveyed for the content of the 


formate-activating enzyme. Extracts of freshly harvested, 16- 
hour cultures were prepared by grinding either with alumina or 
with powdered glass (17), and were assayed immediately by the 


standard method described under ‘‘Experimental;” the results 
in Table VI are expressed in terms of the specific activity of the 


crude extracts.’ 


The widespread distribution of the formate-activating enzyme _ 
in microorganisms is not unexpected in view of its important role » 


in the metabolism of 1-carbon units (30). The activity of M. 
aerogenes extracts is less than that of C. cylindrosporum, but is 
significantly higher than that of other bacteria tested. Both 


M. aerogenes and C. cylindrosporum are able to ferment purines | 
It has been — 
suggested (31) that ATP, formed by the reversal of Reaction 1, — 
provides the major source of energy for the growth of C. cylin- — 
In the microorganisms listed in Table VI, relatively © 
high specific activities are found in those species which are able — 
to ferment purines, e.g., C. cylindrosporum, M. aerogenes, and | 
It is of interest that strain 221 of © 
M. lactilyticus, which differs from strain 416 in its inability to — 


and to grow at the expense of such fermentations. 


drosporum. 


strain 416 of M. lactilyticus. 


ferment purines (17), has a relatively low activity. 


SUMMARY 


1. The formate activating enzyme has been purified approxi- 
mately 60-fold from extracts of Micrococcus aerogenes by means 
of acid and alkaline ammonium sulfate fractionation, treatment 


with calcium phosphate gel, and chromatography on diethyl- | 


aminoethyl cellulose columns. 


3 For rigorous comparative purposes it would be necessary to | 
determine optimal assay conditions for the enzyme from each — 
source, and to insure that no inhibitory substances were present | 


in the crude extracts. 


coli, and S. cerevisiae extracts had the same pH optimum for Re- 
action 1 as the enzyme from . aerogenes. 


It may be noted that crude extracts of B. | 
megatherium, E. coli, Ps. aeruginosa, P. vulgaris, R. vannielii, C. { 
tetanomorphum, C. kluyveri, and S. cerevisiae did not inhibit the — 
enzyme purified from M. aerogenes and that B. megatherium, E. — 
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2. The enzyme is specific for formate, adenosine triphosphate, 


and tetrahydrofolate; stoichiometric amounts of .V!°-formy] 
tetrahydrofolate, adenosine diphosphate, and inorganic phos- 
phate are formed. The Michaelis constants for the three reac- 
tants are 2.5 m, 1.1 X 10-4M, and 1.1 X M, respec- 
tively. 


wr 


6. 


7 
8. 
9. 
11. 
12. 


Kernin, D. anp Hartree, F., Proc. Roy. Soc. London, B, 


124, 397 (’1938). 
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3. The reaction requires a sulfhydryl compound (mercapto- 


ethanol or cysteine) and a divalent metal ion (Mg**+ or Mn**). 


4. p-Chloromercuribenzoate, pyrophosphate, and ethylenedi- 


aminetetraacetate inhibit the reaction. 


5. A number of microorganisms were shown to contain differ- 


ent amounts of the enzyme. 
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The rate of metabolism of ethanol! in the animal body is gen- 
erally accepted as being relatively constant regardless of the 
amount of alcohol present. The first step in the chain of oxida- 
tions of alcohol to acetaldehyde with the simultaneous reduction 
of diphosphopyridine nucleotide has been found to be the rate- 
limiting factor (1). A variety of conditions has been found ef- 
fective in greater or lesser degree in modifying the rate of alcohol 
metabolism; among these is fasting. In the hope that a study 
of the effect of fasting on alcohol metabolism might yield informa- 
tion of value in the more general understanding of the metabolism 
of alcohol, the present study was undertaken. 

It was first noted in 1936 by Le Breton (2) that fasting rats 
that had been administered alcohol oxidized the alcohol only a 
little more than half as rapidly as did well fed controls. Leloir 
and Munoz (3) in 1938 demonstrated that liver slices from fast- 
ing rats oxidized alcohol in vitro less rapidly than did liver slices 
from fed rats. Vitale et al. (4) have suggested that the loss of 
liver enzymes necessary for alcohol oxidation may be the factor 
in fasting responsible for the decreased rate of oxidation. Other 
work by these investigators (5) implicates DPN as a rate-limiting 
factor. We in this laboratory have been engaged in the study of 
various factors affecting the rate of metabolism of alcohol, and 
in this study have utilized the fasting state as a tool in the in- 
vestigation. 


METHODS AND MATERIALS 


Incubation Methods—Livers from Long-Evans male rats ap- 
proximately 200 gm. in weight were excised, sliced by means of 
a Stadie-Riggs microtome, and from 350 to 400 mg. of slices 
were inserted into a 25-ml, Erlenmeyer flask containing alcohol 
and the appropriate metabolites in 0.1 m phosphate buffer pH 
7.5. The air above the mixture was replaced by pure oxygen, 
the flasks were stoppered and allowed to incubate for 3 hours in a 
Dubnoff metabolic shaker at 37°. At the end of this time the 
reaction was stopped by the addition of 1 ml. of 50 per cent tri- 
chloroacetic acid. After chilling, the contents of the flask were 
centrifuged and the supernatant liquid analyzed for alcohol con- 
tent. Appropriate controls in which the trichloroacetic acid was 
contained in the medium were incubated simultaneously. The 
alcohol metabolized was calculated in terms of mg. of alcohol 
disappearance per 100 mg. of liver slice tissue in 3 hours. 

Ethanol Determinations—The trichloroacetic acid filtrates of 
the incubation mixture were analyzed for alcohol content by a 
slight modification of the method of Bucher and Redetzki (6). 


! Ethanol will hereafter be referred to as alcohol. 


The buffer was made up according to these workers, except that 
the final volume was 250 ml. instead of 300 ml. The alcohol 
dehydrogenase was prepared by suspending 100 mg. of crystal- 
lized enzyme (obtained from Sigma Chemical Company) in 50 
ml. of 75 per cent saturated neutralized ammonium sulfate. 
Enzyme prepared in this manner was stable up to 3 months in 
the refrigerator. Each determination required 0.1 ml. of this 
preparation. All analyses were carried out in duplicate. Dog 
blood alcohol concentration was determined according to the 
method of Newman and Newman (7). Rat blood alcohol was 
measured either enzymatically or in the manner of the dog blood 
alcohol. 

Lactate Assay—Lactate determinations were performed in 
duplicate according to the method of Barker and Summerson (8), 

Alcohol Dehydrogenase Assay—The liver was prepared for 
enzyme determination by homogenizing a small piece in 3 vol- 
umes of 0.1 mM phosphate buffer, pH 7.5, centrifuging a short 
time and with the use of 0.1 ml. of the supernatant fluid per 
cuvette. The amount of alcohol dehydrogenase contained was 
measured by the method of Theorell and Bonnichson (9). Ap- 
propriate controls included a cuvette to which no alcohol was 
added in order to correct for the rather high intrinsic DPN redue- 
tion. 

DPN:DPNH Ratios—DPN:DPNH ratios were determined 
according to Spirtes and Eichel (10). DPN 95 per cent, was 
obtained from Sigma Chemical Company. 

Acetaldehyde Assay—<Acetaldehyde assays were performed ac- 
cording to Burbridge et al. (11). This method is known not to be 
specific for acetaldehyde, and the fact that acetone formed by 
spontaneous decarboxylation of acetoacetate is also measured by 
this method must be taken into consideration in interpreting 
the data. 


EXPERIMENTS AND RESULTS 


Effects in vitro of Fasting and Effect of Added DPN—Experi- 
ments in vitro with rat liver slices showed that liver from a fast- 
ing rat metabolized alcohol about one-half as rapidly as that 
from normal animals. When 5 mg. of DPN were added to the 
incubation flask, the slices from fasted rats increased the rate 
of alcohol metabolism to approximately two-thirds the amount 
of the slices from fed animals (Table I). Additional DPN in 
the incubation medium of slices from fed animals did not it 
crease the rate of alcohol disappearance. We have previously 
shown that mice in which a high level of liver DPN has been in- 
duced do not metabolize alcohol more rapidly than do normal 
mice (12). It may be concluded from these studies that DP 


1544 


iJ 
is 
ing 
a 
We 
the 
bec 
of 
24- 
(Ay 
e 
Fas 
(Av 
e 
As 
cate 
pro 
fou 
the 
higl 
eve 
of : 
met 
cent 
the 
left 
pect 
add 
in 0 
tion 
cubs 
adde 
add 
cohe 
live 
rang 
pota 
of D 
Fed 
Faste 
Faste 
Faste 


June 1959 


js not limiting in slices from fed rats, and is only partially limit- 
ing in slices from fasted rats. Actual DPN levels were deter- 
mined and will be discussed elsewhere in this paper. 

Enzyme Content Assays—Alcohol dehydrogenase assays were 
performed on freshly excised livers from both fed and fasted rats. 
We found the alcohol dehydrogenase per gm. of liver higher in 
the fasting animals than in the fed. The liver, however, loses 
about one-third its weight in 24 hours of fasting, presumably 
because of the loss of glycogen and other labile substances. If 
the activity per gm. of liver tissue is multiplied by the weight 
of the liver, we obtain the following relationships for liver from 
24-hour-fasted rats. 


Fed 
9.19 x 7.84 = 72.05 
(Average weight of 12 liv- (Average activity/gm. of 
ers) 12 livers) 
Fasted 
6.67 x 10.84 = 72.30 
(Average weight of 11 liv- (Average activity/gm. of 
ers) 11 livers) 


A similar value was reached for 48-hour-fasted rats. This indi- 
cates that no alcohol dehydrogenase is lost from the liver in the 
process of fasting up to 48 hours. 

Effect of Acetaldehyde and Acetate—When assay for acetalde- 
hyde content in the incubation medium was performed it was 
found, according to our method of assay, that acetaldehyde in 
the incubation medium of liver slices from fasting rats is much 
higher than in that of fed rats (Table II). This difference is 
even more marked when it is calculated that the normal level 
of acetaldehyde represents 0.8 per cent of the total alcohol 
metabolized while in the medium of the fasted animals, 9.1 per 
cent of the alcohol metabolized is found as acetaldehyde. Since 
the equilibrium constant for alcohol dehydrogenase is far to the 
left in favor of alcohol, acetaldehyde accumulation might be ex- 
pected to slow up alcohol disappearance. Semicarbazide was 
added to the incubation medium of fed and fasting liver slices 
in order to couple with acetaldehyde formed during the incuba- 
tion, thus removing it from the medium. In other flasks in- 
cubated simultaneously, additional acetaldehyde or acetate was 
added to the medium. Table III shows that semicarbazide 
added to the medium was not able to increase the speed of al- 
cohol disappearance in slices from either fed or fasting animals. 


TABLE I 
Rate of oxidation of alcohol in liver slices 
Figures represent mg. of alcohol metabolized per 100 mg. of 
liver slice tissue in 3 hours. Figures in parentheses denote the 
range. Each flask contained 10 mg. of alcohol, 4 ml. of 0.1 m 
potassium phosphate buffer pH 7.5, and, where indicated, 5 mg. 
of DPN. 


Control +DPN 
me. alcohol/100 mg. mg. alcohol/100 meg. 

Fed (24 animals) 0.66 0.63 
(0.36-1.04) (0.45-0.95) 

Fasted 24 hours (27 animals) 0.33 0.42 
(0.15-0.51) (0. 28-0. 60) 

Fasted 48 hours (6 animals) 0.34 0.44 
(0.20-0. 46) (0.39-0.52) 

Fasted 72 hours (6 animals) 0.32 0.42 
(0. 26-0. 38) (0.35-0.47) 
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TABLE II 
Concentration of acetaldehyde in incubation medium 
Figures represent ug. of acetaldehyde accumulated per ml. of 
medium at end of 3 hours of alcohol metabolism by liver slices. 


Figures in parentheses denote the range. Incubation flasks were 
prepared as described in Table I with no added DPN. 


No. of determinations __ Fed Fasted 24 hours 
ug./ml . 
6 | 3.0 12.8 
(1.9-5.4) (5.3-17.6) 
TaBLe III 


Rate of oxidation of alcohol by liver slices in presence of 
semicarbazide, acetaldehyde, and acetate 


Kach figure represents mg. of alcohol oxidized per 100 mg. of 
liver slice per 3 hours. Figures in parentheses denote the range. 
Kach flask contained 10 mg. of alcohol, 5 mg. of DPN, and as in- 
dicated, 20 mg. of semicarbazide hydrochloride, 20 ug. of acetalde- 
hyde, or 14 mg. of acetate. All compounds were made up in 0.1 
M potassium phosphate buffer, pH 7.5, and additional buffer was 
added to a final volume of 4 ml. 


mg. alcohol/ meg. alcohol/ mg. alcohol/ meg. alcokol/ 
100 mg. 100 mg. 100 meg. 100 mg. 
Fed 6 0.80 0.79 0.79 0.86 
(0.57-0.95) (0.59-0.92) (0.59-0.97) (0.70-1.01) 
Fasted 24 6 0.52 0.46 0.54 0.55 
hours (0.41-0.56) (0.33-0.56) (0.37-0.64) (0.51-0.60) 


Neither added acetaldehyde nor acetate had any effect on the 
existing conditions. Although a partial block in acetaldehyde 
metabolism seems to occur, the accumulation of this substance 
is not the inhibiting factor in fasting liver slices. A definite 
block has been shown to exist in the incorporation of acetate into 
fatty acids in 24-hour-fasted rats (13). This acetate block does 
not seem to be a factor in our system since additional acetate 
does not slow the rate of the first step in either fed or fasted rats. 
It has occasionally been observed in this laboratory, however, 
that in the intact dog some slowing of disappearance of blood 
alcohol occurs upon feeding acetate.? 

Effect of Oxidizing Agents—Methylene blue, ferricyanide, and 
sodium pyruvate were added to the incubation medium to deter- 
mine whether by reoxidizing accumulated DPNH, the rate of 
alcohol disappearance could be increased. Ferricyanide and 
pyruvate directly reoxidize the DPNH molecule while methylene 
blue links the flavin molecule to oxygen. As Table IV shows, 
pyruvate increased the alcohol metabolism in livers from both 
fed and fasting animals, confirming the early observations by 
Leloir and Munoz (3). Methylene blue and ferricyanide raised 
the rate in the slices from fasting animals, but not that from the 
fed. There is some possibility that the presence of methylene 
blue increased the production of hydrogen peroxide by increasing 
the activity of xanthine oxidase, thus subjecting the alcohol to 
an additional oxidation by intervention of the catalase system 
(14). Methylene blue, however, did not increase the rate of 
metabolism in the normal slices. It would seem that if catalase 
is participating in this system, it is not doing so to a greater de- 


? Unpublished observations by the authors. 
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2) TABLE IV 


Rate of oxidation of ethanol by liver slices in 
presence of various DPN reoxidizers 

Each figure represents mg. of alcohol oxidized per 100 mg. of 
liver slice tissue in 3 hours. Figures in parentheses denote the 
range. Each flask contained 10 mg. of alcohol, and where indi- 
cated, 1 mg. of methylene blue chloride, or 1.3 mg. potassium fer- 
ricyanide, or 10 mg. of sodium pyruvate. All compounds were 
dissolved in 0.1 M potassium phosphate buffer, pH 7.5, and buffer 
was added to a final volume of 4 ml. 


| Control | lene | +FeCN +Pyruvate 

| 
| meg. | alcohol/ mg. mg. alcohol/ 

100 mg. mg. | 100 mg. 100 mg. 

(0.57-1.02) (0.60-0.96), (0.49-1.03) (O.81-1.21) 
Fasted 24 0.41 058 | 0.56 | 0.76 

hours 


(0.33-0.45), (0.28-0.74) (0.28-0.67)  (0.43-1.01) 


gree than in the normally fed controls. Pyruvate restored al- 
cohol oxidation in the fasting slices to the level of that of the 
controls. Methylene blue and ferricyanide were not as effective, 
possibly because of a lessened degree of permeability into the 
slice, or because of a less direct coupling to the oxidation system. 

DPN:DPNH Ratios—The actual state of oxidation and re- 
duction of the liver DPN in animals actively metabolizing al- 
cohol was investigated. Table V shows the DPN:DPNH ratios 
of fed and fasted rats both in the resting state and 3 hours after 
a dose of alcohol was injected. Both the normal and fasting 
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DPN + DPNH per whole liver upon 48 hours of fasting. Al- 
though, as shown earlier in this paper, added DPN increases the 
rate of metabolism of alcohol in the liver slices of fasting animals, 
there is no deficiency of the DPN molecule per gm. of tissue, 
The fault lies, rather, in the inability of the slice from the fasting 
animals to maintain a sufficient amount of the oxidized form 
throughout the incubation period. 

Both pyruvate and alanine were injected simultaneously with 
the alcohol dose, and again twice more at hourly intervals during 
the 3 hours that both fed and fasted animals were allowed to 
metabolize alcohol. Control rats received an injection of salt 
solution of equal volume and isomolar to the amount of alanine 
or pyruvate given. At the end of 3 hours DPN:DPNH ratios 
were determined and a sample of blood was collected for alcohol 
and lactate determinations. Table VI shows that the DPN: 
DPNH ratios were increased, especially in the fasted animals, 
while at the same time the blood alcohol Wwas lowered and the 
lactate increased. Our interpretation of these data is that the 


TaBLeE VI 
DPND:PNH ratios, blood alcohol levels, and 
blood lactate levels in rats 

DPN:DPNH ratios, blood aleohol levels, and blood lactate 
levels in rats 3 hours after a dose of 3 gm./kg. of ethanol was ad- 
ministered intraperitoneally in 20 per cent solution. Figures in 
parentheses denote the range. Simultaneously with the alcohol 
where noted 160 mg. of alanine or 200 mg. of sodium pyruvate in 
1 ml. was given intraperitoneally. Controls received 100 mg. of 
sodium chloride in 1 ml. Doses of alanine, pyruvate, or salt were 
repeated at 1 and 2 hours. 


ratios of the rat metabolizing alcohol are markedly decreased of | | ie | Lactate 
from the normal resting state, the fasting ratio being especially Animals | ratio blood = blood 
low. It is also interesting to note that the fasting animal | 
the resting state has a somewhat lower DPN:DPNH ratio than ,, | 
woe Fed | 12 1.10 | 192 | 16 
that of the well fed animal. iy (0.87-1 43) (130-230) (12-22) 
Although the DPN :DPNH ratios are similar to those from the fed plus alanine 6 | 1.20 147 | 2 
data of Spirtes and Eichel (10), a somewhat lower DPN + | ((1.12-1.30)! (80-230) (17-27) 
DPNH value was found here. This may be due to strain and Fed plus pyruvate | Ss | ea 58 | 41 
size differences of our rats from those used by these authors. | (0.80-1.55), (140-190) (22-82) 
Our data also show that there is actually somewhat more DPN + __ Fasted 12 =| ~ =«(0.61 214 22 
DPNH per gm. of liver in the fasted animals than in the normals, Se : (0.35-0.82)) (170-270), (18-32) 
although not sufficiently more to equal the total DPN + DPNH_ F sted plus alanine | 
in the whole liver of the fed animals. Although the total DPN + | (0.76-1.30)) ( ), (31-190) 
Fasted plus pyru- | 6 0.93 150 55 

DPNH per gm. of liver in the fasted animals is higher than in | ! 

vate | (0.71-1.20) (120-200) (36-94) 
the normal animals, there is a loss of about one-fourth of the total | | ee 

TABLE V 


DPN:DPNH assay of fed and fasting livers both in resting state and while actively metabolizing alcohol 


Figures in parentheses denote the range. 


Alcohol dose to rats was administered intraperitoneally in 20 per cent solution in a dose 
of 3 gm. per kg. Livers were excised and assayed 3 hours after administration of alcohol. 


Average total 


No. of animals | DPN /gm. DPNH/em. TOPNH | Liver weight | DPN + DPNH/ 
| us. us. us. | gm. me. 
Fed-resting 5 | 448 265 713 1.69 8.17 5.80 
(414-491) (237-282 ) (651-754 ) | (1.47-1.86) (6.80-9 .47) 
Fed-metabolizing alcohol 23 | 383 371 754 1.04 8.44 6.36 
(328-476) (264—429 ) (632-864 ) (0.87-1.43) (7 .20-10.83) 
Fasted-resting 5 | 435 326 765 1.34 5.49 4.20 
(413-484) (260-419) (673-836) | (1.00-1.65) | (5.05-6.35) 
Fasted-metabolizing alcohol 19 | 328 509 838 | 0.66 5.62 4.71 
(208-421 ) (401-756 ) (680-1064)  (0.50-0.93) (4.32-7.25) 
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evtochrome system per se does not seem to be active enough to 
maintain a normal DPN:DPNH ratio under these conditions, 
but the superimposed reduction of pyruvate to lactate maintains 
a higher ratio, thus speeding the rate of alcohol oxidation. The 
effect is not as great in the fed animals as in the fasted. 

Dog Studies in vivo—The two compounds, alanine and pyru- 
vate, which were found capable of increasing the rate of alcohol 
metabolism in the rat were tested for their effect on the dog. A 


TaBLe VII 


Rate of metabolism of alcohol with effect of 
alanine and pyruvate in dogs 

Each figure represents average disappearance of alcohol from 
the blood in mg. of alcohol per 100 mg. of blood per hour over a 
period of 8 hours. Figures in parentheses represent number of 
trials. Alcohol was administered to each dog in 15 per cent solu- 
tion weight per volume intravenously in dose of 3 gm. per kg. over 
a period of 20 to 30 minutes. The alcohol solution where noted 
contained 4.9 per cent alanine or 6 per cent sodium pyruvate. 
Equal amounts of alanine or pyruvate dissolved in water were 
given additionally by stomach tube at 2 and 4 hours after the in- 
fusion. 
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Dog Control +Alanine +Pyruvate 
mg./100 meg./hr. | mg. 100 mg./hr. mg./100 mg./hr. 
Shep 17.4 26.8 15.0 
(5) (1) (1) 
Whitey 20.0 33.2 21.4 
(4) (2) (1) 
Collie 16.6 22.7 17.0 
(6) (1) (1) 
Peggy 21.1 28.4 17.2 
(4) (2) (1) 
Blackie 20.0 28.1 22.4 
(4) (2) (1) 
Mrs. Mike 21.0 29.3 21.0 
(4) (3) (1) 
Dingo 16.9 | 22.8 
(8) (3) 
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dose of 3 gm. per kg. of alcohol in 15 per cent solution weight 
per volume was infused intravenously into the dog over a period 
of about 30 minutes. Alanine or pyruvate was administered to 
the dogs in the alcohol infusion fluid and again by stomach tube 
2 and 4 hours later. Blood samples were withdrawn at hourly 
intervals over a period of 8 hours and tested for alcohol content. 
Pyruvate had a toxic effect, causing vomiting, bloody urine, and 
distress. Although several different concentrations of pyruvate 
were used, in no case was the rate of alcohol metabolism in- 
creased significantly. Alanine was well tolerated and had a 
striking effect in every case as is shown by Table VII. 

It is interesting to note that in five of the seven dogs, the ceiling 
for the rate of alcohol metabolism of 20 to 25 mg. per 100 ml. 
per hour cited by Westerfeld (15) has been surpassed and values 
as high as 33.2 mg. per 100 ml. per hour have been obtained 
when alanine was fed. Attempts to increase this rate even 
higher by larger doses of alanine have not been made. That a 
rise in blood lactate accompanies the administration of alanine 
is seen in Fig. 1. Fig. 1 also shows that conversion of pyruvate 
to lactate does not seem to play an important part in normal 
metabolism of alcohol since blood lactate does not change to 
any great extent while alcohol is being metabolized if alanine is 
not given. Fig. 2 shows some degree of parallelism between 
the lactate level and the amount of alcohol oxidized in each hour 
after administration of alanine. 

The fact that pyruvate has no effect on the rate of alcohol 
metabolism in the dog is puzzling. In the rat, in studies in vitro, 
however, we have found the concentration of pyruvate to be 
critical. Table VIII shows that in rat liver slices from normal 
animals the lower level of pyruvate more effectively raised the 
rate of alcohol oxidation than the higher dose. Alanine at these 
two concentrations was not as effective as pyruvate and the 
higher level of alanine had a greater effect than the lower level. 
Pyruvate is known to be an inhibitor of lactic dehydrogenase 
(16). It is possible that dog lactic dehydrogenase is more sensi- 
tive to this inhibition than that of the rat. In this case, alanine, 
which is being deaminated may be feeding a small steady supply 
of pyruvate which is not high enough to cause inhibition. 
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Fia. 1. Blood lactic acid levels after alcohol administration in two dogs. 


Arrows designate time of alanine dose. 
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Fic. 2. Comparison of blood lactic acid levels and amount of alcohol metabolized in 1 hour in two dogs 


TaBLe VIII 
Effect of two concentrations of pyruvate and alanine on rate of alcohol 
oxidation by normal liver slices 

Each figure represents mg. of alcohol metabolized per 100 mg. 
of liver slice in 3 hours. Figures in parentheses denote the range. 
Each flask contained 10 mg. of alcohol, sodium pyruvate, or ala- 
nine as noted and 0.1 M potassium phosphate buffer to a final vol- 
ume of 4 ml. 


No. of 12 mg. 24 . 10 mg. 20 mg. 
mg. alcohol/ mg. alcohol/ mg. alcohol/ mg. alcohol/ mg. alcohol/ 
100 mg. 100 mg. 100 mg. 100 mg. 100 mg. 
9 0.72 0.94 0.71 0.76 0.79 
(0.49-0.98)| (0.51-1 .29)| (0.41-0.88)| (0.55-1.06))| (0.45-1.11) 
DISCUSSION 


Probably the most interesting finding in this work was the 
lowering of the DPN:DPNH ratio brought about by adminis- 
tration of alcohol, which was greater in the fasting than in the 
fed animal. It is interesting to speculate on the mode of action 
of this lowering. The normal DPNH reoxidation mechanisms 
may not be sufficiently rapid to maintain the heavy increase in 
requirement demanded by the oxidation of both alcohol and its 
intermediary, acetaldehyde. Equally, it is possible that alcohol 
itself may somehow inhibit the cytochrome reoxidizing system, 
thus becoming an inhibitor of its own oxidation. The latter 
hypothesis is made less attractive by the demonstrated fact (17) 
that alcohol metabolism proceeds at a somewhat faster rate 
with larger doses than with small doses of aleohol. One would 
expect that were this hypothesis true, the higher concentration 
of aleohol would have a greater inhibitory effect and result in 
a lower rate of metabolism with large doses rather than the re- 
verse. 

The values of the DPN:DPNH ratio as given in our results 
were obtained after 3 hours of active alcohol metabolism. The 
fact that values obtained in a few animals at the end of 1 or 2 
hours were of the same order of magnitude would indicate that 
this is not a progressive decline, such as might be expected from 


depletion, but implies a rapid fall after which the ratio is main- 
tained at a steady level. 

From the above, it might be anticipated that agents which 
reoxidize DPNH to DPN might be expected to increase the rate 
of alcohol metabolism. This was found to be the case for fer- 
ricyanide and methylene blue in fasted animals, and for pyruvate 
and alanine in both fed and fasted animals, with the liver slice 
technique. There has been much controversy over the influence 
of pyruvate on the rate of alcohol metabolism. By various 
workers pyruvate has been reported to increase the rate of fall 
of blood alcohol concentration in the dog (18, 19), and by others 
(20-22) to have no effect. Vitale et al. (5) have found that 
pyruvate inhibits the disappearance of alcohol from the blood 
of the rat unless large doses of niacin are given previously, in 
which case no effect is produced. They have suggested that 
this inhibition is due to competition for the available DPN, and 
that DPN may be the limiting factor in normal nutritional states. 
We have observed no such inhibitory effect of pyruvate in rats 
receiving no niacin supplement, but the diet fed our rats (Purina 
laboratory chow) contains two and a half times as much niacin 
as the limiting concentration of 40 mg. per kg. postulated by 
Vitale et al. (5) in addition to adequate levels of tryptophan. 
In spite of this our DPN + DPNH was no higher than normal, 
and indeed lower than some reported in the literature. 

We have noted the failure of pyruvate to increase the rate of 
alcohol metabolism in our dogs, and have mentioned that with 
the dosage employed the dogs showed distress, vomiting, and 
hematuria. One may then postulate that the known inhibitory 
effect of pyruvate on lactic dehydrogenase (16) may become 
manifest at a lower concentration of pyruvate in the dog than 
in the rat, perhaps due to greater sensitivity of dog lactic de- 
hydrogenase, which would account for the species difference. 

Our own experience as well as that of other workers (3, 23, 24) 
has demonstrated the efficacy of alanine in speeding alcohol 
metabolism in the dog. Since it seems reasonable to suppose 
that alanine exerts its effect after conversion to pyruvate, the 
apparent paradox exists as to why pyruvate itself is not effective 
in this species in our hands. Here we have to invoke the ex- 
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planation given in the preceding paragraph, and postulate that 
the deamination of alanine produces a small, steady supply of 
pyruvate not high enough to produce inhibition. 

Westerfeld (15) has stated that there is a maximal rate of 
alcohol metabolism in the dog in the range of 20 to 25 mg. per 
100 ml. per hour decrease in the blood alcohol concentration, 
and that dogs which fall below this level can be brought up to it 
by various agents. In our experience, however, even the dogs 
with slow rates of alcohol metabolism (16 to 17 mg. per 100 ml. 
per hour) are not helped by pyruvate. On the other hand, with 
alanine administration the fast metabolizers (20 to 21 mg. per 
100 ml. per hour) showed the most increase, amounting to 8 to 
13 mg. per 100 ml. per hour, while some of the slow metabolizers 
showed a smaller increase of about 6 mg. per 100 ml. per hour. 
Indeed, values as high as 33.2 mg. per 100 ml. per hour have been 
achieved, and it is possible that larger doses of alanine might 
produce even greater rises, although one would anticipate that 
additional limiting factors such as liver enzymes and coenzyme 
might come into play here. 


SUMMARY 


Liver slices from fasting rats metabolize alcohol about one- 
half as rapidly as do slices from fed rats. This inhibition has 
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been shown not to be due to a deficiency in alcohol dehydrogen- 
ase, to the diphosphopyridine nucleotide (DPN) level, nor to a 
metabolic block in the oxidation of the intermediaries acetalde- 
hyde or acetate. 

Agents which reoxidize DPNH, such as ferricyanide and 
methylene blue, have been shown to increase the rate of alcohol 
metabolism by liver slices from fasting but not from fed rats; 
pyruvate and alanine raise the rate in both. 

DPN:DPNH ratios were found to be lowered during active 
alcohol metabolism in the intact animal, and this lowering was 
especially marked in the fasting state. Both alanine and pyru- 
vate raised the DPN:DPNH ratio and coincidentally the rate 
of alcohol metabolism, with the greatest effect in the fasting rat. 
These results suggest that the DPN:DPNH ratio may be the 
limiting factor in the rate of alcohol metabolism in the fasting . 
animal, and to some degree in fed animals. 

Pyruvate in the dosage employed was toxic to dogs, and pro- 
duced no increase in the rate of alcohol metabolism in this species, 
while alanine proved quite effective, producing increases in rate 
of almost one-half. It is a seeming paradox that alanine, the 
precursor of pyruvate, is so effective in this respect, while pyru- 
vate itself is not. The present findings do not suffice to resolve 
this paradox. 
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For some time this laboratory has recognized the need (1) to 
compare the basic features of the current methods of determina- 
tion of serum acid phosphatase which utilize the following sub- 
strates; phenol phosphate (2-4), p-nitrophenol phosphate (5, 6), 
and $-glycerophosphate (7, 8). Such a comparison would have 
a bearing on the validity of employing t-tartrate as an inhibitor 
of prostatic acid phosphatase in all of these methods. 

After the development of an efficient method for preparing 
human prostatic acid phosphatase of high purity (9), a compara- 
tive study of the desired kinetics of hydrolysis of the three sub- 
strates was made. Included in the research were the effects on 
the initial velocity of hydrolysis of pH, temperature, time, con- 
centration of substrate and enzyme, as well as that of a competi- 
tive inhibitor. In the present paper the results of this investiga- 
tion are reported. 


EXPERIMENTAL 


Enzyme Preparation—This was a preparation of human pros- 
tatic acid phosphatase exhibiting an activity of 2850 units per 
mg. of protein, the unit being defined as 1 mg. of phenol lib- 
erated from phenol phosphate in 1 hour under standard condi- 
tions (9). 

Substrates—The disodium salts of phenyl phosphate (Paul 
Lewis Laboratory, Inc.) p-nitrophenyl phosphate (Sigma 104) 
and 6-glycerophosphate (Heyden) were used as the substrates. 

Buffers—Three different buffers were used in the study, 0.05 m 
acetate buffer (pH 3.5 to 5.5); 0.05 m citrate (pH 2.18 to 6.0) 
and 0.05 m Tris'-hydrochloric (3.1 to 8.8). Most of the studies 
were limited to acetate and citrate buffers. 

Methods—Inorganic phosphate was determined by the method 
of Chen et al. (10) and phenol was determined by Folin-Ciocalteu 
reagent with the Fishman-Lerner method (4). p-Nitrophenol was 
determined by the addition of 3 ml. of 0.5 N sodium hydroxide to 
1 ml. of the solution and measuring the transmission at 390 mu 
in a Beckman model B spectrophotometer. Beer’s law holds for 
optical density resulting from 2 to 16 wg. of p-nitrophenol per 
ml. Glycerol was determined by oxidizing it with periodic acid 
to formaldehyde which was measured in turn by the chromo- 
tropic acid reaction (11). 


* This work was supported in part by grants from the National 
Institutes of Health, Bethesda, Maryland (CS-9082, C-3213), and 
from the American Cancer Society, Inc., New York, New York 
(P-106, P-107). 

1The abbreviation used is: Tris, tris(hydroxymethy]l)amino- 
methane. 


Assay Method—The concentrated enzyme containing 0.1 mg. 
of protein per ml. was diluted 500 times with a solution of bovine 
serum albumin (14 wg. per ml.) (Armour). The albumin stabi- 
lized the acid phosphatase but did not contribute any phospha- 
tase activity at this concentration. Unless otherwise indicated, 
the composition of the digest consisted of 5 ml. of 0.05 m buffer, 
1 ml. of 0.03 m substrate,? 0.5 ml. of the stabilized enzyme plus 
0.5 ml. water or 0.5 ml. of solution of test material. The reac- 
tion was initiated by addition of enzyme and after incubation for 
30 minutes at 37-38° it was stopped by the addition of 3 ml. of 
10 per cent trichloroacetic acid. Aliquots were taken directly 
for the determination of inorganic phosphate and of the liberated 
organic component. 


RESULTS 
Rate of Hydrolysis of Substrate—For this study both inorganic 


phosphate and phenol, p-nitrophenol, or glycerol were deter- | 


mined. There was equimolar liberation of the two products re- 


sulting from each substrate. The curves given in Fig. 1 show the [ 


time course of hydrolysis of phenyl, p-nitrophenyl, and 8-glycero- 
phosphate. Phenyl phosphate underwent hydrolysis at a lin- 
ear rate for at least 3 hours, p-nitrophenyl phosphate, 2 hours, 
and 8-glycerophosphate, 1 hour. Acetate buffer at a final con- 
centration of 0.035 mM was used. 


Influence of pH on Hydrolysis in Three Buffers—Fig. 2 shows | 
that the pH for maximal hydrolysis of phenyl phosphate was 4.9, | 
5.0, and 5.0 in acetate, citrate, and Tris-HCl buffer solutions, re- | 
For nitropheny! phosphate the corresponding values | 
were 4.9, 4.7, and 5.5. For @8-glvcerophosphate, the values | 


spectively. 


were 5.5, 5.7, and a range of 5.0 to 6.0. The concentration of 
the substrate was 0.004 molar for phenyl and p-nitropheny! phos- 
phates and 0.003 m for 8-glycerophosphate and of buffer 0.035 . 


A comparison of the shape of the pH activity curves in the | 


three buffer systems indicates that the activity as a function of 
PH fell rapidly on each side of optimal pH only when citrate was 
the buffer. 


alkaline side, there was also a less precipitous fall in activity. 
The pH activity curve for 8-glycerophosphate in citrate buffer 
was similar but displaced to higher pH level than the curves for 
phenyl and p-nitropheny] phosphates. 


? In the case of 8-glycerophosphate, the substrate concentration | 
was 0.02 mM. These results were not appreciably different at much | 
The 8-glycerophosphate employed con- | 


higher substrate, 0.08 m. 
tained 5.5 molecules of water. 


1550 


For acetate and Tris buffer the enzyme activity was [| 
almost maximal on the acid side of the optimal pH. On the | 


t 

| 
§ 


acetate and citrate buffers were at pH 5.5 (0.035 m). 
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HOURS 


Fic. 1. Hydrolysis of three substrates by prostatic acid phos 
phatase in relation to time of incubation. In each instance, both 
products of hydrolysis were measured and the average of the two 
values is plotted above. The symbols are explained in Fig. 2. 


Influence of Substrate Concentration—The velocity of hydrolysis 
of phenyl and nitrophenyl phosphates was determined at pH 
49 in citrate buffer and at pH 5.1 in acetate buffer, both at 
0.035 m. For the hydrolysis of B-glycerophosphate, both the 
For these 
three substrates, the range of final substrate concentration was 
from 0.0017 to 0.057 m. No inhibiting effect of substrate was 


observed at substrate concentrations much higher than 0.057 . 
_ The plots of 1/V against 1/S were linear both in acetate and 
citrate buffers at the same pH. Values for K,, estimated from 
- Michaelis-Menten plots are given in Table I. 


The values for 
K,, in citrate buffers were slightly lower than in acetate. 

Enzyme Concentration—In these experiments, five different 
concentrations of the enzyme (125, 250, 500, 1000, and 2000 


times the dilution of the stock dilution) were used. All the en- 
tyme solutions were protected by the addition of the necessary 


amount of albumin solution. The plot of activity versus en- 
zyme concentration exhibited straight lines for phenyl and p- 
nitrophenyl phosphate and a slightly curved one for 8-glycero- 
phosphate (Fig. 3). 

Effect of Temperature—This was determined over the range 
0-100° (Fig. 4). Phenyl and p-nitrophenyl phosphate had the 
Sime optimal temperature at 60° while @-glycerophosphate 
showed an altogether different response to temperature. It had 


_ an optimum at 37° and very little activity at 60°. 


Influence of Mono- and Dicarborylic Acids as Inhibitors of Phos- 


: phatase Activity—Table II shows the inhibition of enzymatic 
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activity in acetate buffer at the optimal pH of hydrolysis with 
0.01 a final concentration of inhibitor. Oxalate, L-tartrate, and 
saccharate were inhibitors of the hydrolysis of the three sub- 
strates, especially of 8-glycerophosphate. Moreover, a number 
of substances inhibited hydrolysis of @-glycerophosphate but 
not of phenyl and p-nitrophenyl phosphates. Inhibition as a 
function of tartrate concentration is shown in Fig. 5. 

In order to determine the effect of substrate concentration on 
the inhibition of prostatic acid phosphatase, phenyl, p-nitro- 
phenyl and 8-glycerophosphate were used as the substrates for 
determining K;. The plots for 1/V against 1/S for the three 
substrates with and without the inhibitor meet at a single point 
on the 1/V axis showing the competitive nature of the inhibi- 
tion (Fig. 6). The concentration of tartrate used for the deter- 
mination of K; was 7 x 10-* m for phenyl and p-nitrophenyl 
phosphate and 7 m for @-glycerophosphate. At these 
concentrations, a 50 per cent inhibition is observed in each case. 


AC 


3 


TRIS 


24 6 8 
PH 


Fic. 2. Prostatic acid phosphatase activity as a function of pH: 
@——@, phenyl phosphate; O——O, p-nitrophenyl phosphate; 
and A——A, 8-glycerophosphate. 


TABLE I 
Effect of substrate concentration illustrated by Michaelis constants 


Buffer | Acetate Citrate 
M M 
Phenyl phosphate............. 7.5 X 10-4 9.1 1075 
Nitrophenyl phosphate......... 8.1 x 10-4 3.1 10-4 
Glycerophosphate.............. | 4.0 X 1073 2.0 10-3 
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Fic. 3. Effect of enzyme concentration on hydrolysis. 
bols are explained in Fig. 2. 
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04+ 
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Fic. 4. Effect of temperature on hydrolysis. 
explained in Fig. 2. 


Symbols are 


DISCUSSION 


The present collection of data on the hydrolysis of phenyl, 
p-nitrophenyl], and 6-glycerophosphatase by a standardized hu- 
man prostatic acid phosphatase offers a number of points of in- 
terest. 

In the first place, it was observed that the reaction catalyzed 
under the present conditions was one of simple hydrolysis on the 
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basis of the equimolar liberation of the two products of the re. 
action (see Fig. 1). This information although previously as. 
sumed to be true is required in view of the possibility of unsus. 
pected transfer reactions which could conceivably be brought 
about by a hydroxylated buffer substance serving as an acceptor 
(1). 

The nature of the buffer and substrate employed is of real sig- 
nificance. Thus, in the presence of three buffers, there was es. 
sentially one value for the optimal pH only in the case of phenyl. 
phosphate (acetate 4.9, citrate 5.0, and Tris, 5.0). Moreover, 
the curves for hydrolysis of 8-glycerophosphate as a function of 
pH were not the same as for the other two substrates when cit- 
rate was the buffer. In the pH range on the acid side of the 
optimum practically full activity for all three substrates was ob- 
served even as low as pH 3.0 in Tris buffer but partial activity 
was found in acetate and none at all in citrate buffer solution at 
pH 3.0. 

The Michaelis constants reported in this paper were somewhat 
higher for phenyl and p-nitrophenyl phosphates than those re- 


TABLE II 
Inhibition (%) of acid phosphatase by carborylic acids 
Phenyl- p-Nitrophen-| 8-Gl 

| 0 | 0 0 
| 0 11 | 66 
| 42 64 | 91 


[OQ 


oe 


% INHIBITION 


05 0 
TARTRATE 


Fia. 5. Inhibition of acid phosphatase-catalyzed hydrolysis of 


— 


three substrates in L-tartrate solutions of increasing molarity. > 


Symbols are explained in Fig. 2. 
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free alcoholie hydroxyl groups in 8-glycerophosphate. 
regard, it was found that increasing the substrate concentration 
at 60° caused further marked inhibition in the case of this sub- 


_ the case of the hydrolysis of all three substrates. 


June 1959 


ported by Tsuboi and Hudson (12) and Axelrod (13). These 
investigators employed a lower range of substrate concentrations. 

With regard to inhibition by carboxylic acids, our results agree 
with those given by Anagnostopoulos (14) except that with our 
purified preparation a lower concentration of the inhibitor was 

needed to produce a similar degree of inhibition than with a crude 
preparation. Also, though the hydrolysis of the three substrates 
was inhibited markedly by tartrate, this was not the case for 
saccharate and oxalate which inhibited hydrolysis of substrates 
most strongly in the order: 6-glycerophosphate, p-nitrophenyl 
phosphate, and phenyl phosphate. It is remarkable that pyru- 
vate, maleate, glutamate, and glucuronate inhibited the hydroly- 
sis of 8-glycerophosphate but not that of phenyl and p-nitro- 
phenyl phosphate. 

K,’s for the three substrates differed slightly from each other 
in contrast to the results reported by Axelrod (13) who found a 
single A; value (8.5 X 10°° M) for several substrates. Tsuboi 
and Hudson (12) also observed a higher value (K; 0.64 x 10-4 m) 
for phenyl phosphate. These discrepancies can be partially ex- 
plained by the nature of the enzyme preparation which resulted 
in different K; values in the three laboratories. It is clear, how- 
ever, that to produce a 50 per cent inhibition a concentration of 
tartrate was necessary (13) that was two times that required for 
a purified preparation such as was employed in this laboratory. 
Moreover, hydrolysis of 8-glycerophosphate was inhibited by 
many dicarboxylic acids and at lower concentrations than re- 


quired for inhibiting the hydrolysis of both phenyl and p- 


nitrophenyl phosphates. 
The data have a bearing on the validity of applying the con- 


ditions for determining serum L-tartrate-sensitive acid phos- 


phatase (established for phenyl phosphate (4)) to enzyme assays 
hased on hydrolysis of p-nitrophenyl and 6-glycerophosphates. 
Of particular significance are the differences in the time course 
of hydrolysis, pH optima in different buffers, substrate concen- 
trations for saturating the enzyme, and in the enzyme-tartrate 
dissociation constants. These data illuminate the hazards of 


uncontrolled transfer of conditions of enzyme assay from one 


method to another, previously mentioned (1, 15). 
Differences in the results between phenyl and p-nitropheny! 


_ phosphate versus B-glycerophosphate were seen on several oc- 


easions. Thus, 6-glycerophosphate hydrolysis proceeded at a 
linear rate for a much shorter time than did that of the other 
substrates; and at a non-linear rate as a function of enzyme con- 
centration. The temperature maximum occurred at a much 


lower temperature for B-glycerophosphate than for the two aryl 


phosphates. It is likely that the explanation for the heat inacti- 
vation lies in the sensitivity of prostatic acid phosphatase to the 
In this 


Also, 0.011 m ethylene glycol was inhibitory at 60° in 
It is possible 
that the results with 6-glycerophosphate hydrolysis as a func- 
tion of enzyme concentration and time may have a similar ex- 
planation. Differences in the kinetics of hydrolysis of aryl 
(phenyl phosphate) and polyaleoholic (a@- and 6-glycerophos- 
phates) have been reported for very crude prostatic and red cell 
phosphatase preparations (16) and for crude red cell phosphatase 
|v). These differences were also observed in experiments done 
with our prostatic acid phosphatase preparation (specific activ- 


strate. 
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lOO 


UBS TRATE 


Ki 


95x 


NpP 45* 107 
GLYP 24x 


Fic. 6. Lineweaver-Burk plot of 1/V versus 1/S and the re- 
spective inhibition constant (K;) derived for the three substrates. 
All experiments were performed in acetate solution. Symbols are 
explained in Fig. 2. 


PP 


itv, 2850) which is close to purity (estimated at around a specific 
activity of 5000 units per mg.). 


SUMMARY 


By use of highly purified prostatic acid phosphatase prepared 
by the method of Davidson and Fishman, a study was made of 
the kinetics of hydrolysis of phenyl phosphate, p-nitrophenyl 
phosphate, and 6-glycerophosphate. 

Experiments were done on the rate of hydrolysis of these three 
substrates in acetate, citrate, and tris(hydroxymethyl)amino- 
methane-hydrochloric buffer mixtures as a function of pH and 
of substrate concentration. In addition, the effects of time, 
enzyme concentration, and temperature were measured. Mi- 
chaelis constants were determined. 

The inhibition of hydrolysis by L-tartrate was studied in de- 
tail and values for AK; for each substrate were computed. <A 
study of other inhibitors showed that saccharate and oxalate were 
inhibitors for all three substrates, but that pyruvate, maleate, 
glutamate, malonate, and glucuronate inhibited the hydrolysis of 
B-glycerophosphate but not of phenyl and p-nitrophenyl phos- 
phates. In general, real differences could be found in the ki- 
netics of hydrolysis of the aryl orthophosphates on the one hand, 
and of the polyhydroxyalkyl orthomonophosphate, on the other. 
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Fluorescence Studies of Coenzyme-binding to 
Beef Heart Lactic Dehydrogenase* 
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Among the many methods which are available for studying 
the binding of substances to proteins (1), those applied most 
commonly for pyridine nucleotide-binding to dehydrogenases 
have been the spectrophotometric (2) and ultracentrifuge meas- 
urements (3). An additional method has been introduced 
through the observations of Boyer and Theorell (4) who found 
that reduced diphosphopyridine nucleotide in the presence of 
horse liver alcohol dehydrogenase emits fluorescence energy of 
greater intensity and at shorter wave lengths than that given 
by the unbound coenzyme. The sensitivity of the fluorescence 
technique allows detection of binding of DPNH toa dehydrogen- 
ase which would not be observed by the usual spectrophoto- 
metric methods. Thus, although the binding of DPNH to 
beef heart lactic dehydrogenase could be detected only by a 
‘sensitive’ spectrophotometer and at low temperatures (5), 
fluorescence shifts of the reduced coenzyme have been reported 
at lowered temperatures in the presence of this enzyme (6).! 

The shift in the fluorescence maximum and the intensification 
of fluorescence afford a method of determining whether pyridine 
nucleotides are bound or unbound in complex enzyme systems. 
Thus, the fluorescent properties of yeast cells studied at an ex- 
citation wave length of 366 my suggest that the DPNH is in 
the bound form (7). The fluorescence characteristics of mito- 
chondria also indicate that the reduced pyridine nucleotides 
are bound to specific protein carriers within the organized struc- 
ture (8). 

Attempts to elucidate the nature of the binding sites of de- 
hvdrogenases have been considerably facilitated by the prepara- 
tion of coenzyme analogues (9). Whereas the binding of DPNH 
to beef heart lactic dehydrogenase could be detected only under 
the specified conditions already mentioned, the 3-acetylpyridine 
analogue of DPNH? exhibited a shift in its 365 my absorption 
maximum to shorter wave lengths with this enzyme at room 
temperature (10, 11). We have previously reported on the flu- 
orescence changes of the acetylpyridine analogue of DPNH in 
the presence of beef heart lactic dehydrogenase at room tempera- 


* Publication No. 22 of the Graduate Department of Bio- 
chemistry, Brandeis University, Waltham, 54, Massachusetts. 
Aided by grants from the National Cancer Institute of the Na- 
tional Institutes of Health (Grant No. CY-3611 Bio), the American 
Heart Association, and the American Cancer Society. 

‘The fluorescence shift in the DPNH peak upon addition of 
heart lactic dehydrogenase was reported to occur at temperatures 


25° (6a). 


>The acetylpyridine analogues of DPN and DPNH refer, 


_ Tespectively, to the oxidized and reduced analogues in which the 
nicotinamide moiety is replaced by 3-acetylpyridine. 


ture (12), and we are presently reporting experiments on the 
application of the fluorescence properties of reduced coenzyme 
analogues and beef heart lactic dehydrogenase to the detection 
of the coenzyme-binding sites on the protein. 


EXPERIMENTAL 


Enzymes—Horse liver alcohol dehydrogenase was crystallized 
by the procedure of Bonnichsen (13). Heart muscle lactic de- 
hydrogenase was prepared from beef in crystalline form by 
Straub’s procedure (14). 

The bacterial protease, subtilisin, was obtained from Teikoku 
Chemical Industry Company, Ltd. 

Coenzymes and Substrates—The DPN used in this study was 
obtained from the Pabst Laboratories; the acetylpyridine ana- 
logue of DPN was prepared by the procedure described by 
Kaplan and Ciotti (9). The @ isomer of DPN (15) was reduced 
chemically by sodium hydrosulfite according to the procedure of 
Karrer and Blumer (16). The deaminated (hypoxanthine) ana- 
logue of DPNH was prepared according to the method of Kaplan 
et al. (17). 

Sodium pyruvate and sodium lactate were purchased from 
the Sigma Chemical Company. 

Inhibitors—Sodium_ p-chloromercuribenzoate was obtained 
from the Sigma Chemical Company and was purified by the 
procedure of Boyer (18). Potassium oxamate was generously 
supplied by Dr. Sidney P. Colowick and Dr. John Papaconstan- 
tinou. 

Fluorescence Measurements—Fluorescence measurements were 
made with the Aminco-Bowman spectrophotofluorometer as 
deserbed by Bowman et al. (19) and manufactured by the Ameri- 
can linstrument Company, Silver Spring, Maryland. The light 
source was a xenon arc lamp, and the instrument was calibrated 
against quinine by the method of Sprince and Rowley (20). All 
measurements were carried out at room temperature in a quartz 
cell having a l-em. light path. An RCA IP28 photomultiplier 
tube was used to detect the emission, and the intensities herein 
reported are expressed in terms of the deflection of the automatic 
recorder, the Moseley Autograf, which is calibrated in inches. 

Enzymatic Assay—The activity of the enzyme was determined 
spectrophotometrically with the use of a Beckman DU spectro- 
photometer at a wave length of 340 my for DPNH and at 365 
my for its acetylpyridine analogue. The additions to a 3-ml. 
cuvette were made in the following order: 2.7 ml. of a 0.1 m 
potassium phosphate buffer at pH 7.4 for the pyruvate to lactate 
reaction and at pH 9.5 for the oxidation of lactate to pyruvate, 
4 to 6 ug. of enzyme, and 0.5 mg. of the appropriate coenzyme. 
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Fic. 1. A, Fluorescence changes of reduced coenzymes in the presence of horse liver alcohol dehydrogenase. The fluorescence in- 
tensity of the acetylpyridine analogue of DPNH designated by AP (DPNH), present in concentrations of 3.17 X 10-* mmole, increases 
upon addition of 9.5 X 10-* mmole of alcohol dehydrogenase (ADH). The fluorescence intensity of 3.17 X 10-* mmole of DPNH is also 
increased when 9.5 X 10-* mmole of ADH is added to it. These substances are present in 0.1 mM potassium phosphate buffer of pH 


7.4 in a final volume of 1.0 ml. 


B, Fluorescence changes of reduced coenzymes in the presence of beef heart lactic dehydrogenase. 


Excitation of DPNH, at 340 my; of its acetylpyridine analogue, at 365 mu. Temperature, 25°. 


The fluorescence intensity of 


3.17 X 10°* mmole of the acetylpyridine analogue of DPNH increases with an accompanying shift on addition of 9.5 X 10-4 mmole of 


lactic dehydrogenase (LDH). 


With the same concentrations of DPNH there is no visible increase in intensity of the fluorescence on 


addition of 9.5 X 10-*mmole of LDH. Excitation of the acetylpyridine analogue of DPNH, at 365 my; of DPNH, at 340 my. Tem- 


perature, 25°. 


The reaction was started by the addition of 0.01 ml. of 0.1 m 
substrate; the mixture was stirred, and the optical density was 
determined at 15- to 30-second intervals. 


RESULTS 


Fluorescence of Coenzymes and Coenzyme Analogues—The fluo- 
rescence spectrum of DPNH in distilled water was reported (7) 
to show a maximum at 462 my when excited at a wave length of 
366 mu. The maximal response of fluorescence energy of DPNH 
in 0.1 m phosphate buffer of pH 7.4, in this study, is obtained 
when the excitation wave length is 340 my. The @ isomer of 
DPNH (15) displays the same fluorescence properties as its 8 
isomer with regard to the fluorescence maximum and its intensity 
upon excitation at 340 my. The hypoxanthine derivative of 
DPNH, 7.e. the deaminated analogue, deamino-DPNH, also 
displayed a 462 my fluorescence peak with the same intensity 
given by the two DPNH isomers. The fluorescence observed 
upon 340 my excitation of the three compounds mentioned ap- 
pears to be related to the dihydronicotinamide moiety, a struc- 
ture which is common to all 3 molecules. When the acetylpyri- 
dine analogue of DPNH, in which the carboxamide group of 
dihydronicotinamide is replaced by an acetyl group, is excited 


at its absorption maximum of 365 my, a fluorescence peak ap- 
pears at 478 my with an intensity which is one-fourth that of 
DPNH. These properties contrast with the extinction coeff- 
cients; the coefficient of the acetylpyridine analogue of DPNH 
at its absorption maximum is higher than is that of DPNH. 
The oxidized forms of the coenzyme and its analogues are non- 
fluorescent. 


Fluorescence Changes of Coenzyme upon Addition of Dehydrogenases 


Horse Liver Alcohol Dehydrogenase—Boyer and Theorell (4) 
have reported on the fluorescence properties of DPNH in the 
presence of horse liver alcohol dehydrogenase. We have con- 
firmed these observations (Fig. 1, A) and have also found that 
similar properties were not displayed by the a isomer of DPNH 
which remains unchanged upon addition of the enzyme.’ 

The increase in fluorescence intensity of the acetylpyridine 
analogue of DPNH in the presence of liver alcohol dehydrogenase 
is shown in Fig. 1, A. Whereas the fluorescence maximum of 
DPNH is shifted only slightly with a 3-fold increase in intensity, 
the fluorescence peak of the acetylpyridine analogue of DPNH is 


3 The a isomer of DPNH is enzymatically inactive (15). 
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shifted from 478 my to 440 my with a 7-fold increase in intensity. 
The fluorescence changes induced by the coenzyme analogue are 
completely lost upon the addition of acetaldehyde in substrate 
quantities. 

Beef Heart Lactic Dehydrogenase—Chance and Neilands (5) 
observed a spectral shift of the DPNH absorption maximum in 
the presence of heart lactic dehydrogenase only under special 
conditions. An examination of the fluorescence properties of 
DPNH in the presence of the dehydrogenase in 0.1 m phosphate 
buffer of pH 7.4 shows only a small shift toward shorter wave 
lengths at 25°.4 When this enzyme was added to a solution of 


the acetylpyridine analogue of DPNH at room temperature, 


there was a very marked shift accompanied by a 7-fold increase 
in intensity. 

The spectra shown in Fig. 1, B were obtained in the following 
manner. Excitation of a 3.2 xX 10-7 m solution of DPNH at 
340 my results in a fluorescence at 462 my which is changed only 
slightly at 25° when beef heart lactic dehydrogenase is added to a 
final concentration of 9.5 X 10-7 mM. Similar concentrations of 
the acetylpyridine analogue of DPNH and the dehydrogenase 
were used. The analogue excitation wave length was 365 my, 
giving a fluorescence maximum at 478 my for the free coenzyme 
which is shifted to 440 my in the presence of the enzyme. The 
solutions were prepared in 0.1 mM potassium phosphate buffered 
to pH 7.4. 

Fluorescence Properties of Lactic Dehydrogenase—The fluores- 
cence spectrum of beef heart lactic dehydrogenase in 0.1 mM phos- 
phate buffer, pH 7.4, displays a maximum at 340 my upon ex- 
citation at 288 mu. Absorption of proteins in the 280 my region 
is a function of the aromatic amino acid content of the molecule, 
so that it would appear that the fluorescence of the dehydrogenase 
originates from a similar source. That the aromatic amino acids 
present in the enzyme are not the sole contributors to the protein 
fluorescence will be discussed in more detail. 

Upon addition of the acetylpyridine analogue of DPNH to a 
buffered solution of heart lactic dehydrogenase, a fluorescence 
peak appears at .40 my with a greater intensity than is observed 
when the unbound coenzyme is excited at the same wave length, 
te. 288 mu. There is, simultaneous with the appearance of the 
440 my fluorescence, a decrease in the fluorescence intensity of 
the 340 mu peak. The addition of equimolar amounts of DPNH 
to the enzyme results in less pronounced changes in the 340 my 
and 440 muy intensities than are observed with the acetylpyridine 
analogue. One can titrate the enzyme with the reduced coen- 
zyme and follow the binding by observing changes in the 340 
my or 440 my fluorescence. The concentration of coenzyme 
used was in such a range that self-quenching was negligible. 
The relationship between the decrease in the 340 my fluorescence 
intensity and the increase in the 440 my intensity as a function 
of the reduced coenzyme added is shown in Fig. 2. 

Oxidation of the reduced coenzyme by the addition of 10-* m 
sodium pyruvate results in the loss of the 440 my fluorescence. 
Simultaneously, however, the 340 my fluorescence increases to 
an intensity nearly equal to that emitted by the untreated en- 


zyme. 
Bovine serum albumin in concentrations of 2 kK 10-* m also 


‘The shift in and the intensification of the fluorescence spec- 
trum of DPNH in the presence of beef heart lactic dehydrogenase 
is more favorable when tris(hydroxymethy]l)aminomethane buffer 
is used as compared with the phosphate buffer. 
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Fic. 2. Changes in the 340 my and 440 my fluorescence intensi- 
ties of lactic dehydrogenase upon addition of reduced coenzyme. 


The upper portion of the figure shows the decrease in 340 my 
fluorescence intensity as increasing amounts of reduced coenzyme 


are added. The lower part of the diagram shows the correspond- 


ing changes in the 440 my fluorescence intensity. The excitation 
wave length was 288 my in both cases. The temperature of the 
reaction mixture was 25°, and 0.1 m phosphate buffer at pH 7.4 
was used. 


exhibits 340 my fluorescence upon excitation at 288 mu. The 
addition of stoichiometric amounts of DPNH or its acetylpyri- 
dine analogue had no effect on the 340 my fluorescence nor was 
the emission at longer wave lengths very prominent. A similar 
experiment was carried out with the use of tryptophan as the 
source of the 340 my fluorescence, and again it was found that 
the addition of the reduced coenzymes did not appreciably change 
the fluorescence properties of the free amino acid. 

Treatment of beef heart lactic dehydrogenase under conditions 
of protein denaturation results in a very sharp decrease in the 
340 my fluorescence. Similar treatment of tryptophan results 
in negligible changes in the fluorescence intensity. Denaturing 
agents such as heat or urea or both were used in this study. 
Boiling the enzyme for 1 minute causes a considerable decrease 
in the 340 my fluorescence. Similar results are observed when 
urea is used for denaturation. The fluorescence intensity of 
lactic dehydrogenase at 340 my as a function of urea concentra- 
tion is shown in Fig. 3. The intensity as expressed in this figure 
is relative and is not meant to imply that the total protein fluo- 
rescence is lost in 5 mM urea. The coincidence of the absence of 
the 340 my fluorescence with the loss of enzymatic activity in 5 
M urea may not be merely fortuitous. Dialysis of the urea-de- 
natured enzyme against 0.1 m phosphate buffer results in the 
reappearance of the fluorescence. Similar concentrations of 
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Fic. 3. Decrease in the protein fluorescence in various con- 
centrations of urea. The 340 my fluorescence intensity of 9.5 X 
10-* mmole of lactic dehydrogenase decreases as a function of the 
concentration of urea in which the fluorescence is measured. 
Excitation wave length is 288 mu. 


A FLUORESCENCE AT 440my/2 min. 
Oo wn 2) on 


l 
02.03.04. .05 
[PYRUVATE] x 107° 
MOLE/LITER 


Fic. 4. The rate of decrease of the 440 my fluorescence as a 
function of pyruvate concentration. Excitation wave length is 


288 mu. The decrease in fluorescence intensity of the 440 my 
peak resulting from 9.5 X 10-* mmole of lactic dehydrogenase and 
3.17 X 10°? mmole of the acetylpyridine analogue of DPNH in 
0.1 m sodium pyrophosphate buffer of pH 7.4 is recorded after 20 
seconds as a function of sodium pyruvate concentration. 


Coenzyme-Binding 


urea are without effect on the fluorescence of the reduced coen- 
zyme and its analogues. 

Functional Groups of Lactic Dehydrogenase—The essentiality 
of sulfhydryl groups for the enzymatic activity of the dehydro- 
genase was studied (21) by incubation of the enzyme with 10-5 
mM p-chloromercuribenzoate followed by a spectrophotometric 
assay of the enzymatic activity. Incubation of the enzyme with 
1.5 < 10-5 of the mercurial at 37° fcr 5 minutes is without effect 
on the 340 my fluorescence intensity. The addition of the acetyl- 
pyridine analogue of DPNH does not result in the previously 
observed appearance of the 440 my fluorescence, nor is there as 
pronounced a decrease in the 340 my intensity. The inhibitory 
action of p-chloromercuribenzoate may be reversed by the addi- 
tion of cysteine. Thus, when the mixture containing the mer- 
curibenzoate-inhibited enzyme and the reduced coenzyme ana- 
logue is treated with excess cysteine, the enzymatic activity of 
lactic dehydrogenase is restored and the 440 my fluorescence 
appears with the same intensity as was obtained for the unaltered 
enzyme-reduced coenzyme analogue complex. Hence the mag- 
nitude of the 440 my fluorescence intensity as well as the reduc- 
tion in the 340 my intensity appears to reflect the extent of bind- 
ing of the reduced coenzyme to the dehydrogenase. 

Effect of Buffer on Enzymatic Rate—The results reported thus 
far were obtained in 0.1 m potassium phosphate buffer of pH 
7.4 at 25°. The fluorescence intensities c{ the enzyme-reduced 
coenzyme analogue complex at 340 my a1.c 440 my were the same 
in 0.05 m sodium pyrophosphate buffer, pH 7.4, as with the 
phosphate buffer. The addition of 10-* m pyruvate to the lactic 
dehydrogenase-acetylpyridine analogue of DPNH complex in 
the pyrophosphate buffer results in a very slow disappearance of 
the 440 my fluorescence in contrast with the instantaneous disap- 
pearance observed in phosphate buffer. The rate of disap- 
pearance of the 440 my fluorescence as a function of the pyruvate 
concentration is shown in Fig. 4. 

The enzymatic activity of lactic dehydrogenase for the reduc- 
tion of pyruvate with the acetylpyridine analogue of DPNH was 
followed spectrophotometrically in pyrophosphate and phos- 
phate buffers. The reverse reaction, t.e. the oxidation of lactate 
by the acetylpyridine analogue of DPN in the presence of the 


TABLE I 
Effect of buffer on enzymatic activity of lactic dehydrogenase 


The reaction mixture contained 11 yg. of lactic dehydrogenase, 
0.5 mg. of coenzyme, and 5 wmoles of substrate in sufficient buffer 
to bring the final volume to 3.0 ml. The reaction was started by 
addition of the appropriate substrate. The enzymatic rate for 
the acetylpyridine analogues of DPN and DPNH was followed at 
365 my, and that for DPN was studied at 340 my. The rates are 
expressed in terms of the optical density change per minute. 
Concentration of phosphate buffer was 0.1 mM and that of sodium 
pyrophosphate was 0.05 m. 


| Reduction of pyruvate Oxidation of lactate 
Buffer | Acetylpyri- | Acetylpyri- 
_DPNH* of DPN | of 
| DPNH DPN 
0.350 0.170 0.182 0.085 
Pyrophosphate.......... 0.332 0.035 0.178 0.260 


* Only 3 ug. of enzyme were used with DPNH. 
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dehydrogenase, was also studied under the same conditions. 
The results are given in Table I. 

It appears then that although pyrophosphate retards the 
rate of oxidation of the reduced coenzyme analogue, it enhances 
the rate of the reverse reaction. We have already mentioned 
that the acetylpyridine analogue of DPN is nonfluorescent, 
although its addition to lactic dehydrogenase results in a slight 
decrease in 340 my intensity when the reaction mixture in phos- 
phate buffer is excited at 288 my. The 340 my intensity is 
decreased to a more pronounced extent when the experiment is 
carried out in pyrophosphate buffer as shown in Fig. 5, and a 
fluorescence peak appears at 440 my. This peak is not due to 
the formation of the reduced analogue since the fluorescence is 
not lost on the addition of pyruvate. There were no observable 
changes in the ultraviolet absorption spectrum for the acetyl- 
pyridine analogue of DPN in the presence of lactic dehydrogen- 
ase in pyrophosphate buffer. 

Racker and Krimsky (22) and Velick and Hayes (23) have 
reported on the dissociation of DPN-enzyme complexes by p- 
chloromercuribenzoate. Preincubation of the acetylpyridine 
analogue of DPN with lactic dehydrogenase before the addition 
of the mercurial protects the enzyme against the inhibitory ac- 
tion of the sulfhydryl reagent (Table II). 

The greater extent of binding of the acetylpyridine analogue 
of DPN as compared with DPN is demonstrated by an experi- 


ment for which the results will be found in Table III. From 
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Fic. 5, Decrease in the 340 my fluorescence of lactic dehydro- 
genase on addition of the acetylpvridine analogue of DPN in 0.1 
M potassium phosphate buffer of pH 7.5 and 0.1 m sodium pyro- 
phosphate buffer at pH 7.5. Lactic dehydrogenase concentration 
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TaB_Le II 


Effect of p-chloromercuribenzoate on lactic dehydrogenase-oxidized 
coenzyme compler 


Eleven yg. of lactic dehydrogenase and 1.0 ug. of coenzyme were 
first incubated at 37° for 2 minutes in 0.1 mM phosphate buffer, pH 
9.5, for those experiments indicated with a plus sign. The ex- 
periments represented by a minus sign lacked the coenzyme. Af- 
ter the incubation of enzyme and coenzyme, a solution of sodium 
p-chloromercuribenzoate was added to give a final concentration 
of 2.5 X 10-*m. This mixture was incubated for an additional 2 
minutes at 37°. The reaction was started with 5 umoles of lithium 
lactate. The activity was determined as optical density change 
over a 3-minute period. 


DPN Per cent activity —— Per cent activity 
10 10 
+ | 10 + 40 
TaB_Le III 


Reaction of lactic dehydrogenase with DPN and 
acetylpyridine (DPN) 

Reaction Mixture 1 contained 6 ug. of lactic dehydrogenase, 
0.5 mg. of DPN and 0.1 m phosphate buffer, pH 9.5, to give a final 
volume of 3.0 ml. Reaction Mixture 2 contained 6 ug. of lactic 
dehydrogenase, 0.5 mg. of acetylpyridine (DPN), and the same 
buffer as in Mixture 1. Reaction Mixture 3 contained 6 ug. of 
lactic dehydrogenase, 0.5 mg. of DPN, and 0.5 mg. acetylpyridine 
(DPN), and sufficient buffer to give a final volume of 3.0 ml. In 
all cases the enzymatic reaction was started by adding 10 uwmoles 
of lithium lactate. The rates are expressed as optical density 
change in 2 minutes and are followed at 340 and 365 mu. 


340 mp | 365 my | 340: 365 
0.209 | 0.113 | 1.85 
Reaction 2 (acetylpyridine (DPN)).......| 0.115 | 0.150 | 0.77 
Reaction 3 (DPN + acetylpyridine (DPN)) 0.118 | 0.142 | 0.83 


Reactions | and 2 it is observed that the rate of reduction of DPN 
is faster than that of its acetylpyridine analogue. When both 
DPN and its acetylpyridine analogue are present in the reaction 
mixture simultaneously, however, the change in optical density 
as given by the 340 my:365 muy ratio corresponds to the rate of 
the acetylpyridine analogue reduction. Therefore, it is the 
acetylpyridine analogue of DPN which is reduced in preference 
to the DPN, even though the analogue is reduced at a consider- 
ably slower rate than the natural coenzyme. 

Protection of Enzyme against Thermal Inactivation—The pro- 
tection of enzymes against thermal inactivation by substrates 
(24), inhibitors (25), and coenzymes (26) has been reported. In 
Fig. 6, A the loss of enzymatic activity of lactic dehydrogenase 
on heating at 76° is shown while in the presence (Line A) or 
absence (Line B) of the acetylpyridine analogue of DPNH. 
The enzymatic activity was determined by following the optical 
density changes at 365 my upon addition of 10-* m pyruvate and 
excess acetylpyridine analogue of DPNH to the heated enzyme. 

Since the intensity of the 440 my fluorescence was shown to 
be a measure of the extent of binding of the coenzyme, this 
property was measured after heating the lactic dehydrogenase- 
acetylpyridine analogue of DPNH for specified time intervals 
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Fic. 6. A, Loss in enzymatic activity upon thermal inactivation of lactic dehydrogenase at 76°. Line A, lactic dehydrogenase, 3.2 X 
10-* m, plus 1.2 X 10- m of the acetylpyridine analogue of DPNH, represented by AP (DPNH), heated together for a designated time 


period at 76°. 


a large excess of the acetylpyridine analogue of DPNH (3 X 107? m). 


Activity of lactic dehydrogenase was measured by following the change in optical density at 365 mu upon addition of 


Line B, lactic dehydrogenase, 3.2 X 10-* mM, heated under same 


conditions as samples represented by Line A. Coenzyme added and reaction started with 10-* m pyruvate. B, See text. 


(Fig. 6, B, Line A). The effect of heat on the binding proper- 
ties of the enzyme was also measured. The enzyme was heated 
for a specified period in the absence of coenzyme. The 440 mu 
fluorescence intensity was determined after addition of the re- 
duced coenzyme analogue to the heated enzyme. The results 
of this experiment are given by Line B in Fig. 6, B. The fluo- 
rescence intensity measurements at 440 my correspond with the 
results obtained from the enzymatic assay and suggest that low 
concentrations of the acetylpyridine analogue of DPNH (1 xX 
10-5 m) protects lactic dehydrogenase against thermal inactiva- 
tion. It is important to note that the reduced coenzyme ana- 
logue does not bind to the heated enzyme. 

Protection of Enzyme against Proteolysis—The stability of the 
enzyme-reduced coenzyme analogue complex has prompted an 
investigation of the protective action of the reduced coenzyme 
against proteolysis of lactic dehydrogenase by subtilisin. The 
heart enzyme was incubated at 37° with subtilisin in the presence 
and absence of the acetylpyridine analogue of DPNH. The 
enzymatic activity was determined by withdrawing aliquots at 
suitable time intervals and measuring optical changes in the 
reduced coenzyme analogue at 365 my upon addition of 10-3 m 
pyruvate. The loss in enzymatic activity is shown in Fig. 7 in 
which Curve A represents the loss of activity of the dehydrogenase 
when incubated in the absence of the acetylpyridine analogue of 
DPNH and Curve B represents the loss in activity of the enzyme- 
coenzyme complex. The protective action of the acetylpyridine 
analogue of DPNH is clearly shown by Curve B in which the 
complex has lost only 45 per cent of its activity by proteolysis, 
whereas lactic dehydrogenase was 100 per cent inactivated during 
the same time interval in the absence of the coenzyme. 

Preliminary observations on the fluorescence of the digestion 
mixtures suggest that the reduced acetylpyridine analogue is 
still in a bound state, even though the enzyme has lost all of its 


activity. Investigations concerning the fluorescence changes 
accompanying proteolysis are now in progress. 

Effect of Substrate Inhibitors on Fluorescence—Substrate inhibi- 
tion of pyruvate reduction by lactic dehydrogenase has been 
reported for potassium oxamate (27), oxalic acid (28), and fluoro- 
pyruvic acid (29). The addition of 10-* m potassium oxamate 
to the enzyme-reduced coenzyme analogue complex results in a 
gradual decrease in the 440 my fluorescence intensity. Unlike 
the effect of 10-4 m pyruvate, however, the 340 my fluorescence 
remains unchanged at a low intensity. Concentrations of oxa- 
mate up to 10-7 mole per 1. are ineffective in completely abolish- 
ing the 440 my fluorescence emitted by a mixture of 4.7 x 10°‘ 
M lactic dehydrogenase and 1.6 < 10-4 m of the acetylpyridine 
analogue of DPNH. The addition of sodium pyruvate to the 
complex composed of the dehydrogenase-reduced acetylpyridine 
analogue and oxamate to a final concentration of 10-3 m is ae- 
companied by complete loss of the 440 my fluorescence and the 
increased intensity at 340 mu. 


DISCUSSION 


That the shift in the fluorescence maximum of reduced coen- 
zymes, together with an increased intensity, results from the 
formation of a complex with lactic dehydrogenase is most ob- 
vious from inhibition studies with the use of p-chloromercunr- 
benzoate. This reagent inhibits the formation of the enzyme- 
coenzyme complex as reflected by the loss in enzymatic activity 
of the dehydrogenase, the absence of a spectrophotometric shift 
of the acetylpyridine analogue of DPNH, and, in the present 
study, by the absence of the 440 my fluorescence. The charac- 


teristic shift in the reduced acetylpyridine analogue fluorescence 
was observed only after removal of the sulfhydryl group inhibitor [ 


by the addition of excess cysteine. 
The variability of the fluorescence of lactic dehydrogenase has 
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heen discussed previously (12). The dependence of the protein 
fuorescence intensity on the integrity of the molecule has been 
pointed out recently (30) for bovine fibrinogen. Cleaving the 
fbrinogen into its substructural components (Components A 
and B) results in a decrease in the fluorescence intensity at 340 
my, although there is no change in the total absorption at 280 mu. 
The same authors (31) have also related the 350 my fluorescence 
intensity of botulinum toxin with its toxicity, a property which 
may be related to the integrity of the protein molecule. 

Denaturation by urea has been considered to result from 
changes in the conformation of the protein (32). The reversi- 
pility of the action of urea on the fluorescence intensity at 340 
mu suggests that the observed emission reflects changes in pro- 
tein conformation which may come about through changes in 
secondary bonds: ion-dipole, hydrogen and van der Waals. 

The decrease in the 340 my fluorescence intensity upon the 
addition of the acetylpyridine analogue of DPNH also suggests 
that the protein undergoes conformational changes in the pres- 
ence of this coenzyme. Such changes in protein conformation 
have been suggested by Lumry and Eyring (32) to be correlated 
with general enzymatic activity. 
mu intensity of lactic dehydrogenase upon the initial addition 
of the acetylpyridine analogue of DPNH suggests that the pro- 
tein conformation is most drastically altered by the first molecule 
of the coenzyme. Further addition of the coenzyme does not 
have as pronounced an effect as the first molecule. Similar 
changes in the protein structure of hemoglobin upon addition of 
oxygen have been suggested by St. George and Pauling (33). 
Further examples of such changes in protein shape which may 
be correlated with enzymatic activity have been discussed by 
Edsall (34). 

Oxidation of the reduced acetylpyridine analogue by pyruvate 
removes the coenzyme from the protein and allows the enzyme 
to resume its original conformation, which is reflected by the 
reappearance of the 340 my fluorescence. Protection of the 
enzyme by the acetylpyridine analogue of DPNH against de- 
naturation may reflect the already altered conformation of the 
protein. 

The change in the 340 my fluorescence intensity of lactic de- 
hydrogenase which results from the addition of the reduced co- 
enzyme analogue is not a general property of all proteins. A 
solution of bovine serum albumin also emits a 340 my fluorescence 
upon excitation at 288 my, but the intensity remains unaffected 
by the addition of DPNH or its acetylpyridine analogue. This 
specificity further suggests that conformational changes in the 
protein as reflected by changes in the 340 my fluorescence are 
associated with the binding of coenzymes to the enzyme. 

Excitation of the acetylpyridine analogue of DPNH with 
light at 288 my in the absence of lactic dehydrogenase resulted in 
a very weak fluorescence in the 470 my region. In the presence 
of the enzyme, however, the reduced coenzyme fluorescence was 
increased considerably. Since the enzyme has a fluorescence 
peak at 340 muy, and the acetylpyridine analogue of DPNH has 
its activation maximum at 365 muy, there is a high probability 
that a transfer of the energy of electronic excitation may take 
place intermolecularly. This process has been termed “‘sensi- 
tized fluorescence” or “inductive resonance’”’ (35). ‘“‘Sensitized 
fluorescence’? may be measured either in terms of the quenching 
of the protein fluorescence or the increase of the coenzyme fluores- 
cence. The very obvious changes in the fluorescent properties 
of lactic dehydrogenase in the presence of the coenzyme analogue 
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Fic. 7. Loss in enzymatic activity on treatment of lactic 
dehydrogenase with subtilisin. Curve A, lactic dehydrogenase, 
3.2 X 10°° M, incubated at 37° with 0.3 mg. of subtilisin. Aliquots 
were withdrawn at appropriate time intervals; the lactic de- 
hydrogenase activity was measured by addition of the acetyl- 
pyridine analogue of DPNH, and the change in optical density at 
365 my was followed. The rate is expressed as optical density 
change per 2 minutes. Curve B, lactic dehydrogenase, 3.2 K 10-6 
M, plus 1.2 X 10-5 m of the acetylpyridine analogue of DPNH 
under same conditions as in Curve A. 


were not observed when tryptophan and bovine serum albumin 
were used as the source of excitation energy. Szent-Gyérgyi 
(36) has suggested that proteins have an extraordinary ability 
to transfer excitation energy, a property which would account 
for the results observed in this study and would explain why 
similar changes were not observed with the free amino acids. 

Although the appearance of the reduced coenzyme fluorescence 
may arise from the transfer of excitation energy from the protein, 
the quenching of the 340 my protein fluorescence is not solely a 
consequence of this transfer. It has been observed (37) that 
the 3-benzoylpyridine analogue of DPN is a noncompetitive 
inhibitor for the reduction of DPN in the presence of beef heart 
lactic dehydrogenase. The addition of this analogue to heart 
dehydrogenase causes a marked decrease in the 340 my fluores- 
cence intensity of the protein, even though the oxidized analogue 
does not absorb in the region of protein emission. The kinetic 
and fluorescence studies suggest that this oxidized analogue is 
firmly bound to heart lactic dehydrogenase. 

The unusual kinetic results which are observed in the presence 
of pyrophosphate buffer may be elucidated by the fluorescence 
results. The appearance of a 440 my fluorescence of the acetyl- 
pyridine analogue of DPN in the presence of heart lactic dehy- 
drogenase and pyrophosphate buffer suggests the formation of a 
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compound having a quinoid structure. This structure may have 
resulted from a nucleophilic attack of the pyrophosphate at the 
para position of the acetylpyridine ring. Such an attack is 
favored more by the presence of the electron-withdrawing acetyl 
group than it is with the carboxamide of DPN. The quinoid 
which is thus formed binds more firmly to the enzyme than does 
the oxidized form having an aromatic structure. The binding 
of this coenzyme structure is again reflected in the changes in 
340 my fluorescence of the protein. The ease with which the 
oxidized acetylpyridine analogue is removed from the enzyme 
is decreased as reflected by the retardation in rate of pyruvate 
reduction as compared with DPN. 

The stability of the enzyme-reduced coenzyme analogue com- 
plex may permit sufficiently drastic treatment of the protein so 
that a detailed analysis of the groups involved in coenzyme- 
binding may be made. In this connection, we have found that 
a peptide from the beef heart lactic dehydrogenase containing 
bound reduced acetylpyridine analogue can be obtained after 
treatment with subtilisin. 
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SUMMARY 
1. A comparison of the fluorescence properties of reduced 


pyridine nucleotides and the 3-acetylpyridine analogue of fp. | 


duced diphosphopyridine nucleotide (DPNH) is presented. 


2. The enhancement of the coenzyme fluorescence of the re. | 
duced acetylpyridine analogue of DPNH in the presence of liver } 


alcohol dehydrogenase and heart lactic dehydrogenase is shown 

to result from the formation of the enzyme-coenzyme complex. 
3. Evidence has been obtained that the reduced acetylpyridine 

analogue of diphosphopyridine nucleotide is more firmly bound 


to the beef heart lactic dehydrogenase than is the native coen. 


zyme. | 

4. The firm binding of the acetylpyridine analogue of DPNH 
to lactic dehydrogenase may allow sufficiently drastic treatment 
of the enzyme to facilitate analysis of the coenzyme-binding 
sites. 

5. The significance of the dehydrogenase fluorescence is dis. 
cussed in terms of the conformation of the enzyme molecule. 


REFERENCES 


1. Epsau., J. T., AnD WyMAN, J., Biophysical chemistry, Vol. I, 
Academic Press, Inc., New York, 1958, p. 594. 


2. THEORELL, H., AND BONNICHSEN, R. K., Acta Chem. Scand., 
5, 1105 (1951). 

3. Hayes, J. E., Jr., ano Veuick, S. F., J. Biol. Chem., 207, 225 

54). 

4. Boyer, P. D., anp THEORELL, H., Acta Chem. Scand., 10, 447 
(1955). 

5. CHANCE, B., AND NEILANDS, J. B., J. Biol. Chem., 99, 383 
(1952). 

6 


. Winer, A. D., Novoa, W. B., ano Scuwert, G. W., J. Am. 
Chem. Soc., 79, 6571 (1957). 
6a. VeLicK, S. F., J. Biol. Chem., 233, 1455 (1958). 
7. Duysens, L. N. M., anp Amesz, J., Biochim. et Biophys. Acta, 
24, 19 (1957). 
8. CHanceg, B., Conran, H., ano Lecauuais, V., The biophysical 
society meeting, Boston, February 6, 1958, abstract S-5, p. 44. 
9. Kapitan, N. O., ano Crotti, M. M., J. Biol. Chem., 221, 823 
(1956). 
10. Kapitan, N. O., Crorrmi, M. M., anp F. E., 
Arch. Biochem. Biophys., 69, 441 (1957). 
11. Kapian, N. O., Crotti1, M. M., anp StouzensBacu, F. E., J. 
Biol. Chem., 221, 833 (1956). 
12. SuHirrin, 8., AND Kapuan, N.O., Proc. Natl. Acad. Sci. U.S., 
44, 177 (1958). 
13. BONNICHSEN, R. K., Acta Chem. Scand., 4, 715 (1950). 
14. Straus, F. B., Biochem. J., 34, 483 (1940). 
15. Kaptan, N. O., Crotr1, M. M., StrouzenBacu, F. E., anp 
Bacuur, N.R., J. Am. Chem. Soc., 77, 815 (1955). 
16. Karrer, P., anD Biumer, F., Helv. Chim. Acta, 30, 1157 
(1947). 


17. Kapian, N. O., CoLtowick, 8. P., anp Crorti, M. M., J. Biol 
Chem., 194, 579 (1952). 

18. Boyer, P. D., J. Am. Chem. Soc., 76, 4331 (1954). 

19. Bowman, R. L., CauLrietp, P. A., AND UDENFRIEND, §., 
Science, 122, 32 (1955). 

20. Sprince, H., anp Row.ey, G. R., Science, 126, 26 (1957). 

21. NyGaarp, A. P., Acta Chem. Scand., 10, 397 (1956). 


. Racker, E., anv Krimsky, I., J. Biol. Chem., 198, 731 (1952). | 
. Veuick, 8. F., anp Hayes, J. E., Jr., J. Biol. Chem., 208, 545 | 


22 

23 
(1953). 

24. Detory, G. G., aND KiNG, E. J., Biochem. J., 37, 547 (1943). 

25. Burton, K., Biochem. J., 48, 458 (1951). 

26 


. Saxuzu, I., Hamasuwita, J., Nozaki, M., B., | 


YONETANI, T., AND OKUNUKI, K., J. Biochem. Tokyo, 4, 
601 (1957). 
. Hakata, M. T., Guarp, A. J., AND SCcHWERT, G. W., Federation 
Proc., 12, 213 (1953). 
. Zevitcu, I., J. Biol. Chem., 224, 251 (1957). 
. Buscu, H., anp Nair, P. V., J. Biol. Chem., 229, 377 (1957). 
. FitzGEeRALp, J. E., aNp Bororr, D. A., The biophysical society 
meeting, Boston, February 6, 1958, abstract G-6, p. 19. 
. Bororr, D. A., AND FITZGERALD, J. E., Nature, 181, 751 (1958). 
. Lumry, R., AND Eyrina, H., J. Phys. Chem., 58, 110 (1954). 
St. GeorGe, R. C. C., anp PauLinG, L., Science, 114, 629 
(1951). 
. Epsatu, J. T., Discussions Faraday Soc., 13, 9 (1953). 
. Livinaston, R., J. Phys. Chem., 61, 860 (1957). 
. Szent-Groreri, A., Nature, 148, 157 (1941). 


SSL SBR 


1958. 


AnpeRSON, B. M., Ph.D. Thesis, Johns Hopkins University, | 


| 

| 

| 

| 

| 

t 


ity, | 
activity which, according to Hunter (6) and Lardy and Wellman 


 oxidative-phosphorylation system. 


Acid-linked Functions of Intermediates in 
Oxidative Phosphorylation 


I. CHEMICAL EQUATIONS* 
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Recent progress along several lines of experimentation has 
developed a clearer picture of reactions involved in oxidative 
phosphorylation. One clearly defined reaction is an inhibition 
of electron transfer in the absence of a phosphate acceptor (1). 
This inhibition suggests the hypothesis that ligands present 
in tightly coupled phosphorylation systems combine with some 
of the respiratory carriers in such a way that they inhibit the 
electron-transfer activity (2). A crossover theorem permits one 
toidentify sites of action of such inhibitors ina sequence of enzyme 
reactions by observing the effects of changes of the inhibitor 


concentration upon the steady-state concentrations of the en- 


zymes in intact mitochondria or living cells (3-5). Thus the 
sites can be identified without disrupting the biological structure. 
Such sites seem to involve the couples indicated by the vertical 


_ arrows in the following reaction sequence: 


Substrate — DPNH — fp (1) 
where fp equals flavoprotein and a, a3, b, c, and ¢c; are letters 
corresponding to various cytochromes. 

It seems reasonable to identify these sites of inhibition with 


the sites at which a portion of the free energy changes of the 
. | oxidation-reduction reactions is conserved to provide, ultimately, 
_ energy for the phosphorylation of ADP. By studying the kinet- 
ies with which ADP and dinitrophenol relieve these inhibition 
_ teactions, it is possible to indicate the presence of intermediates 
inthe energy conservation reactions. 


An alternative approach to the study of such intermediates in 
oxidative phosphorylation is based upon observations of ATPase 


(7), proceeds through a phosphorylated intermediate(s) of the 
More recently, considera- 
tions of the ATP-P® exchange reaction suggest that it, too, 
involves such an intermediate(s). Studies by Wadkins and 
Lehninger (8, cf. 9) and by Léw et al. (10) have shown interactions 
between the rates of the exchange reactions and the state of 
oxidation or reduction of the carriers. Hiilsmann and Slater 
(11, 12) have recently put forward data which lead them to 
believe that three identical pH optima for phosphorylation 
eficiency and for ATPase activity (13) are due to acid-linked 
functions of three site-specific intermediates (J). Their con- 
clusion implies that each of the three J compounds has two pK 


* This work has been supported in part by a grant from the Na- 
tional Science Foundation. 


values near enough to give a pH optimum. However, previous 
work has not indicated multiple optima in the pH-P:0O! relation- 
ship. For example, Cooper and Lehninger (14) found a single 
peak between pH 6 and 7 for their digitonin-treated preparation 
in the presence of 8-hydroxybutyrate as substrate. Purvis re- 
cently found a sharper optimum at pH 6.5 for digitonin-treated 
material (15) but he finds this result difficult to reconcile with 
other data. Furthermore, some of the pH optima found by 
Hiilsmann and Slater are so narrow that even two coincident pK 
values based upon a single proton interaction scarcely afford an 
adequate explanation (16). Also, the magnitudes of the optima 
are so small that an unusually high accuracy of the P:O deter- 
minations is required (15). Nevertheless, the importance of 
these results is not to be overlooked, since they seem to pro- 
vide a definite proof of the identity of intermediates in phos- 
phorylative and ATPase activities (11, 12). Such a proof ap- 
parently justifies a correlation between reactions of isolated 
enzymes catalyzing ATPase exchange reactions (17, 18) with 
oxidative phosphorylation reactions. 

Slater (12) has made a preliminary mathematical analysis of a 
possible reaction mechanism, but a study of his derivation indi- 
cates that some clarification is needed (19). The problem re- 
quires careful consideration of the chemical nature of the inter- 
mediate that could be responsible for the pH optima. Such an 
analysis must involve the hypothesis that acid-linked functions 
exist in intermediates which have a configuration specific for the 
three sites of phosphorylation. Furthermore, intermediates 
bearing these acid-linked functions must be rate-limiting in proc- 
esses of oxidative phosphorylation and in ATPase activity (and 
probably in P® exchange reactions as well), if changes in their 
acid-linked functions are to influence the rate of the over-all 
reaction. 

Kinetic and spectroscopic studies of respiratory carriers have 
given independent evidence for intermediates between the elec- 
tron-transfer processes and the phosphorylation of ADP (2), 
and have, furthermore, provided considerable experimental sup- 
port for a hypothesis on the mechanism of oxidative phosphoryla- 
tion (3). It now seems appropriate to apply this mechanism of 
oxidative phosphorylation as an explanation for the effects of 
pH upon the phosphorylative activities and ATPase activities 
and, in addition, to indicate effects of the state of the — 
carriers upon the AT P* exchange reactions. 


1 Abbreviations used are: P:O, phosphate-to-oxygen ratio 
(atoms); and Pj, inorganic phosphate. 
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The derivations presented here are based upon a mechanism 
derived chiefly from kinetic and steady-state measurements of 
the respiratory carriers and from earlier proposals based on 
chemical studies by Lipmann (20), Slater (21), Lehninger (22), 
and Lardy (23). More recent versions of Slater’s and Leh- 
ninger’s mechanisms are similar to the mechanism used in this 
study, except that the former differs with respect to the oxidation 
state of the energy-rich intermediates (24) and the latter omits 
the electron-transfer inhibiting intermediate, I (25). The equa- 
tions derived here are nevertheless believed to be applicable to 
these two mechanisms. 

This paper comprises an evaluation of experimental evidence 
in favor of intermediates in phosphorylation; summarizes mech- 
anisms in which such intermediates can participate in oxidative 
phosphorylation; reviews evidence in favor of particular inter- 
mediates as being rate-controlling; and formulates relationships 
between the rate-limiting steps and phosphorylative activity. 
Expressions for P:O ratios are found to involve the ratio of con- 
centrations of intermediates of identical or very similar configura- 
tions; hence the system is insensitive to changes in acid-linked 
functions in intermediates of this type. On the other hand, 
equations for the total respiratory activity are found to involve 
the sum of terms containing such intermediates, and hence should 
show a more sensitive pH dependency if such acid-linked func- 
tions of the J compounds exist. Experimental data testing this 
possibility are put forward in the second paper (26). 

Inhibitory Intermediates—Experimental data to be considered 
in connection with the nature of the intermediates in phosphoryl- 
ation range from those based upon nonphosphorylating electron- 
transfer systems, such as Keilin and Hartree’s succinic oxidase 
particles, to studies of such intact phosphorylating systems as 
mitochondrial preparations from liver. A comparison of phos- 
phorylating and nonphosphorylating electron-transfer systems 
indicates significant differences between the pathways and possi- 
bly the mechanisms of electron transfer. In nonphosphorylating 
systems, cytochrome 6 is bypassed (27, 28); in phosphorylating 
systems it participates in electron transfer (29). In addition, 
the point of Amytal sensitivity is displaced from between DPNH 
and flavoprotein in phosphorylating systems (30) to between 
flavoprotein and the next component nearer oxygen in nonphos- 
phorylating systems (31). A further difference between the 
two types of preparations is that electron transfer is seriously 
impeded in the phosphorylating system in the absence of ADP + 
P, or in the absence of an uncoupling agent (1). The extent to 
which respiration is diminished after the available ADP has been 

expended affords a basis for a quantitative estimate of respira- 


sd—— succinate Energy 
Steps 
I. ly 
OPNH~I 
Transfer, 
Xx Exchonge, 
ond 
3X~P + 3ADP—> SATP + 3x 
3X, 


Fic. 1. A schematic diagram showing electron transfer and 
phosphorylation functions of the respiratory chain. For a dis- 
cussion of the details and of the significance of the asterisk show- 
ing DPNH, see the text. 
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tory control and may reach values much in excess of 10-fold jp 
intact mitochondria (32, 33). Respiratory control is lost whe, 
an uncoupling agent is added or when structural damage to the 
mitochondria occurs (1, 34). Two types of explanation for the 


loss of respiratory control have been considered. The first ang ¥ 
simpler explanation is that an inhibitor of electron transfer hg; F 


become inactivated (35), for example, by the uncoupling agent 
or solubilized, for example, by structural damage to the mito 
chondrial membrane. The second explanation is that ADP + 
P; or uncoupling agents activate a cofactor of electron transfer 
(35). Such an agent might be, for example, a quinone, whoge 
role in electron transfer has frequently been postulated (36), 
In this case, structural damage to the mitochondria must als 
be considered an activator of this cofactor because nonphos. 
phorylating systems show as rapid electron transfer as do phos. 
phorylating systems and do not show a requirement for uncov- 
pling agents or ADP + P; (35). However, the fact that highly 
purified, nonphosphorylating electron-transfer systems, in which 
the cytochrome-to-protein ratio has been considerably enhanced 
with respect to that of intact mitochondria, are fully active ip 
electron transfer inclines us toward the hypothesis that the 
phosphorylating system contains an inhibitor the effect of which 
can be counteracted by ADP + Pi, uncoupling agents, or struc. 
tural damage. 


Two other requirements for the nature of the interacting com. f 
ponent can be stated. First, since the substance must interact f 
with several different types of respiratory carriers, its structure f 
would probably have to be appropriate to the particular carrier | 
Second, high-energy intermediates formed F 
from the interaction of such a substance with the respiratory F 
chain can be: (a) formed in the absence of ADP + P,; (6) ac F 
cumulated in the mitochondria; (c) transferred from one site of | 
phosphorylation to drive energy-requiring processes at another § 


with which it reacts. 


site (see Equation 6, below; cf. (37)). 


Some substances can be eliminated as candidates for the in 
teracting component by a consideration of the following data. 7 


Electron transfer in nonphosphorylating systems is neither in — A 


hibited nor activated by uncoupling agents or by ADP + P; at F 
Inhibition of | 


concentrations that affect intact mitochondria. 


electron transfer in the phosphorylating system does not require |; 


ADP or P,; alone and, furthermore, uncoupling agents do not 
require either P; or ADP for their action (34, 38). Thus ADP 
and P; do not act directly to activate or to inhibit electron trans- 
fer; their role appears to be a reversal of inhibition caused by 
another component. Magnesium might be considered a candi- 
date for an inhibitory substance (34). Although added mag- 
nesium is not needed for oxidative phosphorylation (39), addition 
of magnesium to mitochondria partially uncoupled by calcium 
will inhibit respiration and hence restore respiratory contro! 
(34, 39). However, magnesium is not fully satisfactory as an 
inhibitory compound because it does not have a high affinity for 
hemoproteins and it has not been shown to be an inhibitor of 
cytochrome interactions; for example, the oxidation of ferrocyto- 
chrome c by cytochrome oxidase. 


Transfer Intermediate—It is necessary to consider not only 4 | 


ligand of the respiratory carriers which participates in energy: 
conserving reactions and in control of respiration, but alse 


another that acts between the electron-transfer and energy: | 
conservation systems and the reactions in which phosphate and 
ADP participate (see Fig. 1). At high concentrations of ADP 
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and P;, both the rate of electron transfer through the respiratory 
carriers and the speed with which the transition from State 3 to 
State 4 occurs become independent of the ADP and P;, concen- 
trations (40), indicating a rate-limiting step in the reaction of 


' the respiratory carrier, the inhibitory substance, and ADP and 


P, (38). 
the high energy compound of the carrier, we interpose an inter- 


Thus, instead of a direct reaction of ADP and P, with 


mediate denoted by X. It has further been found that similar 
evidence for a rate-limiting step in the uncoupling effect is ob- 
tained in studies of the kinetics of reactions with uncoupling 
agents (40), although inhibitory effects of high concentrations of 
uncoupling agents make the results less clear (33). The condi- 
tions under which this intermediate is rate-limiting are described 
below. 

Chemical Formulations—Thus the experimental data suggest 
two entities between the respiratory carriers and ADP + P;, one 
an inhibitory ligand of three or more carriers and the other a 
rate-limiting intermediate in the transfer reactions of oxidative 
phosphorylation. In order to distinguish these two steps in 
oxidative phosphorylation, two “labels’”’ are used; one for the 
inhibitory site-sensitive substances (J, for the various sites, 
I., I», Ta, ete. (12)), and the other for the rate-limiting but site- 
insensitive intermediate in the transfer reactions (X). Although 


' it is probable that X and 7 do not represent single chemical 
entities, they do clearly represent functional steps in the reac- 
tion sequence. 


The function of the /’s as ligands for the respiratory carriers 


and as energy conservation components is presented elsewhere 
. (3,34); the particular configurations involved do not significantly 
affect the derivations discussed below. 
-F point out that (a) the electron-transfer reaction is inhibited by 
the high-energy (~J) and not the low-energy (J) form of the 
ligand; (6) such a ligand can react with either the oxidized or the 
- reduced form of a component. 


Here it is sufficient to 


In the case of pyridine nucleo- 


in-} tide, a solution of the reduced form is readily oxidized by the 


&. 


.— hypotonically treated mitochondria without the need for added 
— ADP (2). 
_ reduced pyridine nucleotide is bound to an inhibitory ligand in a 
' configuration represented by DPNH ~ I (34, 41)? and that the 
- inhibition can be removed by reaction of the carrier ~] com- 


It is concluded, therefore, that intramitochondrial- 


pound, with an intermediate, X. Thus substance X is a common 
reagent for the various J’s and produces the configuration, X ~ I. 
This configuration serves as common high-energy intermediate 
of the mitochondria. On this basis, general relationships for 
the effect of pH on the respiratory, phosphorylative, and elec- 
tron-transfer activities of this system can be derived. 

The chief function of the X ~ I intermediate is driving the 
phosphorylation reaction: 


ky 


X ~1.+ P; + ADP ATP + X41, (2) 


This equation also represents the sum of the two reactions in- 
volved in (P;3-ATP) exchange (16): 


X~Pi 
X ~ P; + ADP — ATP + X 


(3) 
(4) 


? In addition to the data previously presented (35), it should be 


j noted that neither ferricyanide (42) nor acetoacetate (34) ap- 
_ preciably oxidizes the reduced pyridine nucleotide of the mito- 


chondria in the absence of ADP. 


B. Chance 
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Since the rate of equilibration of the exchange reaction depends 
upon the concentrations of X, J, and X ~ J, the binding of J 
to the respiratory carriers, especially to the large amount of 
reduced pyridine nucleotide, affords a simple explanation (9) for 
the inhibition of the exchange reaction by increasing reduction 
of all the carriers by anaerobiosis (8, 25) or by increasing reduction 
of pyridine nucleotide alone by Amytal treatment (10). 

Fig. 1 represents, in a schematic form, electron transfer and 
phosphorylation functions of the respiratory chain. The vertical 
arrows represent the interaction sites located by means of the 
crossover theorem. The ligands (J) are indicated to be bound 
to the reduced forms of the carriers in accordance with the data 
summarized above for DPNH. Also, correlation of crossover 
and chemical data on phosphorylation efficiency indicates that 
the reduced forms of cytochromes b and ¢ are bound to the in- 
hibitory ligand (see (35), p. 106). The energy for the formation 
of the ~I compounds need not be conserved in the reaction 
forming the reduced component since it may have been carried 
over from a previous oxidation-reduction cycle (ef. (3), p. 443). 
That this may be the case with reduced pyridine nucleotide is 
denoted in Fig. 1 by an asterisk following DPNH. The divalent 
forms of the various cytochromes are indicated by a double 
prime. 

In a separate report we have observed a reduction of intra- 
mitochondrial pyridine nucleotide by succinate (42). In view 
of the inhibitor sensitivity of this reaction (42), it is concluded 
that the configuration Y ~ /,., and not ATP, is the intramito- 
chondrial high-energy intermediate that activates intramito- 
chondrial pyridine nucleotide and causes its reduction by flavo- 
protein (43): 


X ~ 1, + DPN + rfp — DPNH + fp + X 4+ T/, (5) 


where rfp equals reduced flavoprotein. This configuration is 
also suitable for any postulated energy-transfer reactions between 
sites: 


The compound can also serve as a common intermediate for the 
action of uncoupling agents such as dinitrophenol (DNP): 


X +1. + DNP (7) 


In addition, the loss of respiratory control and phosphoryla- 
tive activity in “‘loosely coupled’? mitochondria (for example, 
Myers’ and Slater’s preparations of heart muscle sarcosomes 
(13)) can be represented as a decomposition of the intermediate 
in the presence of an internal uncoupling agent (M), such as 
mitochrome (44) or certain lipides (45, 46). 


X~I.+M X¥+i1,.4+M (8) 


In summary, the /’s represent the site-specific ligands that 
participate in energy conservation and X represents a transfer 
component that forms an intermediate which represents a ‘‘com- 
mon currency of energy interchange” within the mitochondria. 
Transfers to ADP + P; and to other /’s or to carriers are con- 
servative reactions (Equations 2, 6), whereas those involving 
uncoupling agents, either endogenous or added, are dissipative 
reactions (Equations 7, 8). 

Energy Conservation and Dissipation—The partition of flux 
between the conservative and the dissipative pathways (Equa- 
tions 2 and 7 or 8) has been proposed by Slater (12) to represent 
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the P:O value. The equation for the fraction of the total flux 
in the conservative pathway (V.) is: 


(9) 


where V,. is the flux in Equation 5 and Vz (the flux in the dissipa- 
tive pathway) (Equation 7 or 8). These pathways are summa- 
rized in Fig. 1. 

Slater has recently pointed out (12) that the P:O ratio will 
show maxima at values of pH which correspond to maximal activ- 
ities of the separate J compounds (/., J,, and J 4); the number of 
pH optima in the pH-P:O relationship would therefore indicate 
the number of energy conservation sites. It can be seen from 
Equation 9 that optima will be obtained only if Vz shows a differ- 
ent pH dependence from V, (19). The type of requirement that 
this places upon the reaction mechanism is clearly seen if one 
substitutes for V. and V, their values (Equations 10, 11). 

If the response of the P:O value to pH is to be identical to 
that for the ATPase activity measured in the presence of excess 
dinitrophenol, the rate-limiting step must involve the common 
intermediate, X ~ J. V. and V4 can thus be computed from 
Equations 2 and 8. The justification for this is discussed below. 


Ve ki(P;)(ADP)(X ~ (10) 
From Equation 9, the rate of dissipation is: 
—dX ~ I. 
Va = — d( = ko(M)(X I.) (11) 


dt 


Substituting in Equation 9, we get the phosphorylation efficiency 
for a single site and, therefore, a P:2e value: 


1 


ko(M) 
k,(P\)(ADP) 


P:2e = (12) 


Thus an expression for the phosphorylation efficiency based 
upon the assumption that the kinetics of the X ~ J compound 
govern the kinetics of energy conservation and dissipation is 
shown to be independent of the concentration of the X ~ J 
compound. Similar equations, independent of X ~ I, can be 
derived for the other sites. 

No pH dependence of the velocity constants k, and kz is in- 
volved in these relationships. As defined by these equations, 
the velocity constants are of the type discussed by Dixon and 
Webb (47) as k; and k,. This is because we have specified the 
concentrations of all the chemical species involved in pH-depend- 
ent reactions (J, X, P;, ADP, M). Thus, the acid-linked func- 
tions display their effects by changes in concentration of these 
species, for example, by the conversion of X ~ J from an active 
to an inactive form by interaction with a proton: 


(X active + H* (X inactive (13) 


In general, a P:O-pH relationship which exhibits, as pH optima, 
the acid-linked functions of 7 requires that these functions be 
inactive in the dissipative pathway (i.e. that k.(M)(X ~ I,), 
be pH-independent, whereas k,(P;)(ADP)(X ~ I.) must be 
pH-dependent). One method of achieving this is to formulate 
equations in which J does not participate in the dissipative 
pathway (i.e. in which the term k.(M) does not contain a sub- 
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stance involving 7). This requirement seems inconsistent with 
the hypothesis that these functions determine the pH-activity 


relationship for the dinitrophenol-activated ATPase activity, 


One such mechanism that avoids the participation of J in the 


dissipative pathway involves energy dissipation by direct reap. } 


tion of adjacent respiratory enzymes in the absence of J, th 


concentration of J being maintained at a low level by reversible F 


binding to the endogenous uncoupling agent, M(M +I —M.J), f 


In this case, the conservative reaction involves only the amount § 


of the respiratory enzyme that contains the J compound. 
Independent Measurement of Conservation and Dissipation—Iy 
view of the cancellation of the X ~ J compound in Equation 12 
and the equivocal nature of the mechanism described in the 
preceding paragraph, it is preferable to seek experimental condi. 
tions under which the dissipative and conservative activities 
can be independently measured. This is immediately possible 
by measuring the respiratory activity of tightly coupled prepara. 
tions in the presence and absence of ADP (States 3 and 4, 
respectively). In State 4, the respiratory rate is Va (Equation 
11), and in State 3, the respiratory rate is the sum of V,. + V,, 


Ve + Va = ~ J] [ki (Pi) (ADP) + kz (M)] (14) 


The variation of respiratory activity with pH for States 3 and 
4 will give the acid-linked functions for any participation of the 


I substances as components of rate-limiting intermediates in [ 
either the dissipative or the conservative pathway. This method > 
does not depend upon any particular formulation of the reaction f 


mechanism. 

At this point, the conditions under which the concentration 
of X ~ I may be rate-limiting can be considered. In the 
absence of ADP, and with a tightly coupled preparation, the 


concentration of X ~ J will be maximal and the respiratory rate [| 
will be set by the velocity of the reaction of X ~ IJ and M (Equa- | 
These conditions are | 
preferable for measuring those acid-linked functions in the | | 
compounds which would also govern the ATPase and exchange | 


tion 8), as indicated by Equation 11. 


activities. In the presence of ADP and P;, Equation 2 is opera- 
tive and the concentration of X ~ I can be depleted to the point 


at which the reaction of X with the carrier intermediate may | 
Under these conditions, there is no as- | 
surance that the pH dependence would be identical to that of | 


become rate-limiting. 


the ATPase and exchange activities. 


DISCUSSION 


The mathematical relationships derived require comment: 
1. Tightly coupled preparations (Vz = 0) will show no pH 


effect due to acid-linked functions in any of the intermediates | 
The P:O value equals one for | 


in the transfer reactions (12). 
each site. 

2. Damaged preparations may show effects of pH upon P:0 
values (12), but such effects may be due to acid-linked functions 
in ADP, P;, and M; the equations derived show no effect of 
acid-linked functions in the J compound that is consistent with 
the approach outlined here. 

3. No pH effects can be expected due to variations of the 
reaction velocity constants and (46, 47). 

4. The experimental conditions under which Hiilsmann and 
Slater (11, 12) were able to demonstrate P:O-pH dependency 
were based upon a 2.5-mm phosphate concentration which is only 
2.5 times the K,, (Michaelis constant) for phosphate for oxida- 
tive phosphorylation (24). Although this may not have affected 
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their result, information on the variation of Am for phosphate 
with pH would greatly clarify it. Alternatively, the pK’s of 
ADP (48) might be involved, although this reactant is probably 
not rate-limiting under the experimental conditions. 


5. Analysis of mechanisms for oxidative phosphorylation 


» ghich have been modified to show a P:O-pH relationship that is 


dependent upon acid-linked functions of the J compound are 


' inconsistent with other data. Such a mechanism involves the 
J eompound in either the conservative (V.) or dissipative (V4) 


pathway, but not in both. Since the J compounds are postulated 
in order to explain chemical properties of the conservative path- 
ways, the nature of the J compounds cannot then be used to 
explain the pH dependence of the ATPase activity. 


to 
— 


The inadequacy of this method lies in its dependence upon 


the effect of pH on the P:O value, a relationship involving the 
ratio of two reaction rates, both of which may in turn depend 
upon the intermediate for which acid-linked functions are to be 
determined. On the other hand, measurements of respiratory 
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rate under appropriate conditions give one rate or the sum of 
the two rates. Both rates can thus be measured independently, 
without the complications inherent in the P:O-pH method. 
Furthermore, measurement of the respiratory rate is generally 
applicable and is not critically dependent upon a particular 
reaction mechanism. This approach is most effective in the ab- 
sence of ADP (State 4), and under this condition respiration is 
mostly likely to be limited by a reaction characteristic of the J 
compounds. 


SUMMARY 


An investigation of possible mechanisms for the effect of pH 
upon phosphorylative and respiratory activities of mitochondria 
suggests that respiratory activity-pH relationships are much 
more likely than P:O-pH relationships to give decisive informa- 
tion on any acid-linked functions that may be involved in the 
transfer reactions between the respiratory carriers and adenosine 
diphosphate or inorganic phosphate. 
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II. EXPERIMENTAL STUDIES OF THE EFFECT OF pH UPON RESPIRATORY, 
PHOSPHORYLATIVE, AND TRANSFER ACTIVITIES OF LIVER 


AND HEART MITOCHON DRIA* 


BrITTON CHANCE AND HELEN CONRAD 
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In the preceding paper, an analysis of a current mechanism 
for oxidative phosphorylation indicates that pH-P:O! relation- 
ships are unlikely to give information on acid-linked functions 
of site-specific intermediates of the phosphorylation process (1). 
On the other hand, relationships involving the respiratory rate 
in the presence or absence of ADP directly involve the concen- 
tration of intermediates in the phosphorylation reaction and 
may show a pH dependency of such intermediates (1); an in- 
vestigation on this point will be made in this paper. 

Two relationships may reveal any pH dependencies charac- 
teristic of acid-linked functions of intermediates in oxidative 
phosphorylation. In the absence of ADP, the respiratory rate 
is: 


_ -d(X ~D 


= k(M)(X ~ 


Va (1) 


where V, is flux in the dissipative pathway; V., flux in conserva- 
tive pathway; X, rate-limiting, site-insensitive intermediate; 
I, inhibitory site-sensitive substance; and M, internal uncoupling 
agent. In the presence of ADP and P;, the respiratory rate is: 


Ve + Va = (X ~ 7) [ki (Pi) (ADP) + k2(M)] (2) 


In planning these experiments, the nature of pH optima due 
to acid-linked functions of intermediates in enzyme reactions 
has been considered. Alberty and Massey (2) have shown that, 
for a single proton interaction such as that of Equation 13 of 
reference (1), the width of pH optima at one-half the maximal 
velocity approaches a minimum value of about 1.1 pH units, 
irrespective of the pK values. Thus, we have designed our ex- 
periments to reveal pH optima of these dimensions. 


EXPERIMENTAL 


Preparations—Rat heart and liver mitochondria and reaction 
media have been prepared as described elsewhere (35-5). The 
respiratory control ratios (3) of the liver and heart preparations 
used in these studies need not be maximal and satisfactory re- 
sults were obtained with values of 8 and 3, respectively. 

Methods—The respiratory and phosphorylative activities were 


* This research was supported in part by a grant from the Na- 
tional Science Foundation. 

1 Abbreviations used are: P:O, phosphate-to-oxygen ratio 
(atoms); and Pj, inorganic phosphate. 
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measured by the vibrating platinum electrode (5). The respira. 
tory rates in the absence of ADP (Fig. 1, State 4) for the liver 
mitochondria are so low that some scatter of the experimental 
data is observed, but the accuracy of the electrode recordings 
seems to be adequate for the detection of pH optima of appreci- 
able size. ADP was added in small concentrations (approx 
mately 200 um) so that the P:O value could be estimated within 
about 4 minute after adding the phosphate acceptor (5). The 
temperature for the experiments of Figs. 1 to 4 was 26°. 

Spectroscopic observations of the effect of pH upon the State 
4 to 3 transition included in this paper were made by the double. 
beam spectrophotometric method described elsewhere (6). 

The pH values were continuously monitored by means of 1 
glass electrode inserted directly into the cuvette containing the 
mitochondrial suspension. A diagram of the arrangement oj 
the apparatus for simultaneous spectrophotometric, respiratory, 
and pH studies appears in Fig. 3 of (7). The pH was rapidly © 
altered by 3- to 10-yl. additions of 2 nN KOH or HCl. These © 
additions were rapidly stirred into the mitochondrial suspension ~ 
in order to avoid localized excessive pH changes. After each — 
experiment, the suspension was neutralized by addition of the is 
appropriate amount of acid or base. Measurements of respira-_ 
tory and phosphorylative activities were made before the pH : 
change, at the changed pH, and upon neutralization. 


RESULTS 


Effect of pH upon Respiratory Rate in Absence of ADP—The 
most direct effect of pH is upon the State 4 respiratory rate, as — 
indicated in Equation 1. Fig. 1 (left) indicates a series of experi — 
ments covering a pH range of from 6.8 to 8.8 in which the respira- 
tory activity of rat liver mitochondria was evaluated in the 
presence of glutamate and phosphate, but in the absence of ADP. | 
The respiratory rate under these conditions is low, only one- 
eighth of that measured in the presence of ADP. Nevertheless, 
the measurement of these small rates is sufficiently accurate to 
demonstrate the presence of pH optima. The data show no 


multiple optima over the pH interval. 

The results of similar experiments with rat heart mitochondrs | 
using glutamate as substrate are given in Fig. 1 (right); a similar | 
low respiratory rate is obtained over the pH range. There seem F 
to be higher respiratory activity in the region of 6.5 to 7.2, bul 
there are no multiple optima. 
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Fic. 1. Effect of pH on the respiratory activity of mitochondria 
in the absence of ADP (State 4); 4 mm glutamate as substrate. 
Reaction media are described elsewhere (3, 4) (817, 818). 
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Fic. 2. Effect of pH upon respiratory activity of rat heart 
mitochondria in the presence of ADP; glutamate as substrate. 
Other conditions as in Fig. 1 (right). The open circles (left) repre- 
sent the respiratory rate at the values of pH indicated; the trian- 
gles represent the respiratory rates obtained upon neutralization 
of the solutions to a pH of approximately 7.2. On the right, the 
reversible pH change is plotted as a percentage of the recovery of 
activity upon neutralization (S818). 


Effect of pH upon Respiratory Rate in Presence of ADP—As 
indicated in Equation 2, the effect of the 7 compounds can also 
be evaluated in the presence of ADP, although more factors enter 
into the relationship than in Equation 1. 

Fig. 2 (left) seems to show a single optimum in the pH activity 
relationship for State 3 respiration of rat heart mitochondria. 
In these experiments, however, the respiratory activity was also 
measured upon subsequent neutralization of the suspension, 
and the triangles indicate that practically none of the diminution 
of respiration observed at the higher pH values could be counter- 
~ acted by neutralizing the mitochondrial suspension. In other 
words, the main effects of pH upon respiratory activity are 
irreversible. This result violates Equation 13 (see (1)) which 
requires a fully reversible pH effect and does not take into 
account an irreversible inactivation of the enzyme system. 

In order to determine the portion of the pH effect that is 

reversible upon neutralization, we have recomputed these data 
in Fig. 2 (right) as a percentage of the activity recoverable upon 
neutralization, and find a broad pH optimum with a maximum 
of about pH 7.2, showing little decrease of activity between pH 
6.2 and 8.6. 
Experiments with rat liver mitochondria show similar irre- 
In Fig. 3, the experimental data have again 
been corrected to evaluate the reversible pH effect. In this case, 
both glutamate and succinate have been tested. With glutamate, 
experiments were feasible in the region of 6.4 to 8.3, whereas 
with succinate, the range was 5.8 to 8.8. In neither case, 
were multiple pH optima obtained. 

Effect of pH upon P:O Value—Since the respiratory activities 
were measured in response to the addition of known amounts 
_ of ADP, it was possible to determine the P:O values at the same 
The results for rat liver and rat heart are given in Fig. 4. 
_ Ingeneral agreement with the work of Cooper and Lehninger (8), 
' and most recently of Purvis (9) a single optimum was obtained. 
r With the digitonin preparations, the optimum was between pH 
_ 6and 7, whereas we find a somewhat broader peak between 7 
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and 8. Keilley and Bronk (10), with sonically disrupted parti- 
cles, obtain an optimum at about pH 7.0. For the rat liver data, 
our P:O values are computed as a percentage of the value re- 
coverable upon neutralization and, therefore, represent reversible 
pH effects. A displacement of the pH optimum from that 
found by others may be due to the fact that they measured both 
reversible and irreversible effects. The recoveries with the rat 
heart material were unsatisfactory and the effects plotted repre- 
sent a combination of reversible and irreversible effects. In no 
case were multiple pH optima found. However, the analysis 
above indicates that the P:O value of the tightly coupled prep- 
arations of Fig. 4 would not be expected to show the pH effect 
characteristic of the J compound (P:2e of Equation 12 of the 
preceding paper (1) = 1.0 forall steps). The single optimum ob- 
tained is similar to that for the respiratory activity in the pres- 
ence of ADP. 


2>3.100- 

4 ¢ *~succinate ——__\; 

So 
a5 

2 

6.0 80 


pH 


Fic. 3. Effect of pH upon respiratory activity for rat liver 
mitochondria with glutamate or succinate as substrate. Experi- 
mental conditions similar to those of Fig. 2. As in Fig. 2 (right), 
the percentage recovery of respiratory activity upon neutraliza- 
tion to pH 7.0 is computed (817a). 
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Fic. 4. Effect of pH upon P:O value as measured by the plat- 
inum microelectrode for rat liver mitochondria and rat heart 
mitochondria. Experimental conditions as in Fig. 1. ADP con- 
centrations used in measuring the P:O value are between 100 and 


200 um. The P:O value is computed (left) as a percentage of that 


obtained upon neutralization, and (right) as a percentage of the 


initial value at pH 7.0 (since the pH changes caused sufficient dam- 


age to the phosphorylation mechanism that the P:O values, after 
neutralization, were difficult to measure) (817, 818). 
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Fic. 5. Effect of pH upon the kinetics of the transition from 
the resting state (State 4) to the active state (State 3) in rat liver 


The oxidation of cytochrome b (X) is measured 


(©) is measured fluorimetrically, with excitation at 366 my and 


measurement at approximately 450 my. Experiments were car- 
ried out in the presence of 20 mm phosphate at 5° (816b). 
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Kinetics of State 4 to 3 Transition—The kinetics of Equation 2 
(see (1)) represent direct interaction of ADP with the J com- 
pound; the effect of pH upon the speed of this interaction is of 
interest. The rate itself cannot be directly measured since none 
of the components involved gives a measurable spectrophoto- 
metric change. However, the transfer reaction represented by 
this equation causes the release of X and allows its subsequent 
reaction with the carrier compounds: 


DPNH ~ 7 + X — DPNH+X~I1 (3) 


thereby causing their oxidation (fp equals flavoprotein and rfp, 
reduced flavoprotein) : 


H+ + DPNH + fp — DPN+ + rfp, (4) 


a spectrophotometrically detectable effect. We have, therefore, 
recorded the effect of pH upon the speed of oxidation of two of 
the carriers directly involved in the phosphorylation reaction, 
cytochrome 6 and reduced pyridine nucleotide. The results for 
the two carriers (Fig. 5) are normalized at pH 7.2. First, the 
effects of pH upon the reaction for the two sites are very similar. 
Second, there are no multiple optima; a single peak appears at 
pH 6.7. 
DISCUSSION : 
The effect of pH upon three important parameters involving 
energy transfer from the respiratory carriers to ATP has been 
investigated over as wide a range of pH values as the properties 
of the mitochondria will permit. The experimental data show 
no multiple optima for any of these three processes on the basis 
of which the three separate sites of oxidative phosphorylation 
might be identified: (a) The respiratory activity in the absence 
of ADP shows a single broad optimum. (b) The respiratory 
activity in the presence of ADP shows a single broad optimum. 
(c) The speed of the transfer reactions leading to the oxidation of 
cytochrome 6 and reduced pyridine nucleotide upon ADP addi- 
tion shows a single maximum. Of these three methods, the 
first and third are simpler to interpret. The first indicates, in 
terms of the respiratory rate, the speed of the reaction of the 
substance M with the J compounds. In the third, the rate of 
the reaction of ADP with the 7 compounds is determined spectro- 
photometrically or fluorimetrically by measurements of the speed 
of the oxidation of the respiratory carriers. All three methods 
are suitable for the detection of acid-linked functions in the 
intermediates in the phosphorylation mechanism. It is note- 
worthy that the pH optimum is single and broad, rather than 
multiple and sharp, as reported by Hiilsmann and Slater (11, 12) 
who used somewhat different conditions. It is difficult to at- 
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tribute such sharp optima to pK’s of intermediates in phospho. 
rylation on the basis of the one proton interaction of Equation 13 
of reference (1) and their results may involve a more comple 
effect. 

Although these experiments were planned to provide a different 
approach to the question of acid-linked functions of the J cop. 
pounds from that used by Hilsmann and Slater, some regions 
of our experimentation overlap and are worthy of comment. 
They found the clearest optimum in the pH-P:O relationship 
at 8.5 for guinea pig heart mitochondria. With rat heart mito. 
chondria, determination of the P:O value by this method js 
relatively difficult; the respiratory rate in the presence of ADP 
was considerably inhibited, and very little acceleration of respira. 
tion occurred upon ADP addition. This result is, however, ip 
agreement with the studies on rat liver mitochondria, which 
showed decreased phosphorylation efficiency (Fig. 4, left) and 
decreased speed of the State 4 to 3 transition (Fig. 5) (a similar 
effect was found with heart sarcosomes). These results indicate 
that the phosphorylative activity of the pyridine nucleotide step : 
is considerably inhibited in the region of pH 8.5 and might well 
depend upon factors other than the pK of the J compound | 
appropriate to the pyridine nucleotide site. 

In addition, Hiilsmann and Slater did not distinguish betweep 
reversible and irreversible effects upon the P:O value, and it is 
therefore difficult to determine what portion of the result might 
be due to irreversibility. Also, other factors may have been | 
involved in the pH effect; for example, the phosphate concen. 
tration they used is close to the A,, (Michaelis constant) for 
oxidative phosphorylation and hence the change of either phos. 
phate species or A,, combined with other pH effects might lead 
to optima that would be mistaken for those due to intermediates 
in phosphorylation. 


SUMMARY 


Investigation of both rat liver and rat heart mitochondria over 
a wide range of pH values with both pyridine nucleotide- and 
flavoprotein-linked substrates reveals no multiple pH optima for 
respiratory, phosphorylative, and transfer reactions. The main 
effect of pH upon respiratory activity is irreversible; when the 
experimental results are corrected for irreversible effects, re- 
versible effects of pH upon respiratory activity indicate only a 
single broad pH optimum. It can be concluded that the identi-— 
fication of sites of oxidative phosphorylation by pH optima in — 
respiratory, phosphorylative, and transfer activities is not feasible. 
at the present time. Thus, the spectroscopic method based upon 
the crossover theorem (13) described previously seems to be the 
only one available at the present for the unambiguous identifica- 
tion of sites of energy conservation in the intact respiratory chain. 
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Observations from a number of different experimental ap- 
proaches have implicated cytochrome pigments in oxidation-re- 
duction reactions resulting from the illumination of photosyn- 
thetic tissues (1-6). Possible relationships of these cytochromes 


to those of the respiratory chain pigments which react with oxy- 
gen in the dark have been considered. 


Vernon (7) isolated a soluble cytochrome in good yield from 
the photosynthetic bacterium Rhodospirillum rubrum. This pig- 
ment, which has been designated cytochrome cz (8), has absorp- 
tion spectrum properties nearly identical with those of mam- 
malian cytochrome c, but the oxidation-reduction potential 
resembles that of the cytochrome f found in the chloroplasts of 
Vernon and Kamen (3, 4) studied the oxida- 
tion of mammalian cytochrome c and the bacterial cytochrome cz 
by sonic extracts of a number of photosynthetic bacteria in the 


light and in the dark and concluded that all contained both a 
- dark cytochrome c oxidase and a cytochrome c photooxidase and 


that the relative amounts of the two enzymes could be correlated 
with the relative aerobicity of the organisms. 

The present paper describes some properties of cell-free ex- 
tracts of Rhodospirillum rubrum and further studies on the reac- 
tions of these extracts with mammalian cytochrome c and bac- 
terial cytochrome cz. The dark oxidation of either cytochrome 
was found to be very slow, and the photooxidation of the cyto- 
chrome c does not appear to be an enzymatic reaction. These 
two reactions cannot play significant roles in the metabolism of 


| the bacteria. 


EXPERIMENTAL 


Culture of Bacteria and Preparation of Cell-free Extracts—Rho- 
dospirillum rubrum, van Niel strain S1, were obtained from Dr. 
M. Kamen and grown under illumination in the medium de- 
scribed by Gest et al. (9). To prepare the broken-cell suspension, 
the bacteria were washed once with 0.02 m phosphate buffer, pH 
7.4, then ground with powdered glass in a mortar, after the pro- 
cedure of Tissiéres (10). The deep purple extract was used in 
those experiments where ‘‘cell-free extract” is indicated. A 
“washed particulate fraction” was obtained from the extract by 


* A preliminary report of some of this work was presented at the 
Symposium on Photosynthesis at Gatlinburg, Tennessee, October 


t This investigation was carried out during tenure of a British 
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“f tecommended by the Committee on Growth of the National Re- 
search Council. 


Present address, Department of Biochemistry, Dartmouth 
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collecting the material sedimented by centrifugation at 22,000 x 
g for 40 minutes, then washing twice with buffer by recentrifuga- 
tion. For a few experiments cell-free extracts were prepared by 
treatment of a cell suspension for 5 minutes in a sonic oscillator. 
Dry weight measurements were made on samples of washed cells 
or dialyzed extracts dried to constant weight at 110°. 

Preparation of Cytochromes c and c-—Mammalian cytochrome 
c, kindly furnished by Dr. E. C. Slater, was prepared from horse 
heart by the method of Keilin and Hartree (11) and further 
purified by adsorption on an ion exchange resin, as described by 
Margoliash (12). 

Cytochrome c: from R. rubrum was purified by the method of 
Vernon and Kamen (13), omitting the electrophoresis on filter 
paper. It was also prepared by another method, some parts of 
which were suggested by Dr. S. R. Elsden;? this method avoids 
heating the bacteria with trichloroacetic acid. The bacteria were 
washed twice with weak phosphate buffer, then “sloppy dried” 
in a vacuum desiccator. The dry powder was extracted with 20 
volumes, then with 10 volumes of cold 2 per cent sodium borate, 
removing the precipitate each time by low-speed centrifugation. 
Trichloroacetic acid was added to the cold extract to give a final 
concentration of 0.145 m, then the procedure of Vernon and Ka- 
men was followed, all steps being carried out in the cold. The 
cytochrome cz prepared by the two methods appeared to have 
similar absorption spectra and reactions with the R. rubrum ex- 
tract. 

Cytochrome c and c2 were reduced by treatment with hydrogen 
and platinum black. The cytochrome in 0.01 m phosphate buffer 
at pH 7.0 was gassed for 10 minutes with nitrogen, which had 
been freed from oxygen by exposure to heated copper wire. 
Then the mixture was treated with hydrogen for about 1 hour, 
then with nitrogen again for 10 minutes. The platinum black 
was removed by centrifugation. 

Manometric Experiments—The respiration of whole cells or ex- 
tracts diluted with buffer was measured in Barcroft differential 
manometers at 30° with KOH in the center well to absorb any 
evolved CO:. The effect of illumination on oxygen uptake was 
tested in a bath with a glass side; strong light was reflected to 
the bottom of the Barcroft vessel by a mirror placed in the bath. 

Spectrophotometric Measurements—The oxidation of reduced 
cytochrome c or cytochrome cz was followed by observing in a 
Uvispek or a Beckman DU spectrophotometer the change in 
optical density at 550 my after the addition of the bacterial ex- 
tract to the reduced cytochrome. An equal concentration of R. 


1 The cells were exposed for 5 minutes to sonic oscillation in the 
instrument of Dr. E. F. Gale, whose help is appreciated. 
2 Dr. 8S. R. Elsden, personal communication. 
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rubrum extract was added to the buffer in the blank cuvette. 
Most of the observations on the effects of illumination were 
made with the apparatus designed by Keilin and Hartree (14). 
The stimulating light from a tungsten lamp was filtered through 
two thicknesses of Wratten 88A filter, which removes light of 
wave length shorter than 720 my. Tests with light-scattering 
suspensions, such as milk or colorless bacteria, showed that the 
phototube was unaffected by the filtered stimulating light. 


RESULTS 


Respiratory Activity of Cell-free Extracts of R. rubrum—The 
cell-free extracts of R. rubrum prepared by grinding with pow- 
dered glass showed some oxygen uptake in the absence of added 
substrates, but this increased on addition of succinate, malate, 
or a-ketoglutarate. The Qo, of the extract oxidizing succinate 
was as high as 9.3, compared with 15.1 for whole cells and 18.4 
for the washed particulate suspension with this substrate. The 
washed particles showed no oxygen uptake in the absence of 
added substrate and oxidized only succinate rapidly. The ad- 
dition of cytochrome c: to the extracts or washed particles did 
not affect the rate of oxygen uptake. 

The Qo, of the extracts made with powdered glass when oxi- 
dizing succinate was sometimes only one-half as great as that of 
the whole cells, and the Qo, of the extracts prepared in the sonic 
vibrator was usually only about one-third that of the intact cells. 

As found by van Niel (15), the respiration of the intact cells 
was always inhibited by light, but in our experiments, the effect 
was highly variable in extent (from 38 to 100 per cent inhibition). 
In contrast, an inhibition of respiration of the cell-free extracts 
by illumination was never observed. Usually, illumination had 
no effect on the rate of oxygen uptake; occasionally there was a 
small stimulation of respiration. 

Oxidation of Reduced Cytochrome c and Cytochrome cz by R. 
rubrum Extracts—1. Dark reactions: The data of Fig. 1 show 
the optical density changes at 550 my after the addition of 0.2 
ml. of a strong extract of R. rubrum to reduced cytochrome c 
(15 yo) in the dark. As found by Vernon and Kamen (3, 4), 


Dork Oxidation and Reduction of Cytochrome c by 
R, rubrum extract 
04- 
03- 
2 
re) 
r=) 
cyanide 
2 
ferricyanide 
5 10 20 
time (minutes) 


Fic. 1. Oxidation and reduction of cytochrome c in the dark by 
R. rubrum extract. The mixture contained 0.1 ml. of extract 
(about 3.5 mg. dry weight) in 0.05 m phosphate buffer, pH 7.4, 
containing 15 um reduced mammalian cytochrome c. 


R. rubrum Extract and Cytochrome c 


Vol. 234, No. 6 


TAaBLe I 


Comparison of respiration rate of R. rubrum extract with rate of 
oxidation of cytochrome c 

In both measurements the same R. rubrum extract was used jy 
0.03 m phosphate buffer, pH 7.4. In the respiration measurement, 
succinate was added as substrate to a final concentration of 0,43 
M. The concentration of cytochrome c was 15 uM. 

It is assumed that 4 moles of cytochrome c are equivalent to | 
mole of oxygen. 


_ Calculated O2 uptake (corresponding to 


Observed O2 uptake oxidation of cytochrome c) 


| pl. per hour 
3.4 


pl. per hour 
47.3 


there is a slow cyanide-sensitive oxidation (decrease in optical 
density at 550 my) in the dark. Since this reaction is very slow 
compared to the oxidation of cytochrome c by comparable cop. 
centrations of extracts known to contain cytochrome c oxidase, 
an attempt was made to assess the importance of this reaction 
as a part of the dark respiratory chain of the organisms. This 
was done by comparing the rate of oxidation of the cytochrome 
ce with the rate of oxygen uptake of the same extract oxidizing 
succinate. It was assumed in the calculations that 1 mole of 
oxygen is equivalent to 4 moles of cytochrome. 
Table I show that in a typical experiment the rate of oxygen 
uptake calculated to correspond to the observed rate of oxidation 


of cytochrome c (calculated from rate constant X concentration | 


of reduced cytochrome c, then expressed as liters of Oz) is very 
slow compared with the observed respiration rate of the extract 
oxidizing succinate. The calculated rate of O2 uptake at 15 uu 


mammalian cytochrome c was always less than 10 per cent of | 


the observed rate and was even slower when the bacterial cyto 
chrome cz was oxidized. 


When cyanide was added to inhibit the dark oxidation, the | 
R. rubrum extracts could reduce oxidized cytochrome c slowly; | 
subsequent addition of succinate increased the rate of reduction | 


(see Fig. 1). With the washed particles, no reduction of cyto- 
chrome c was observed until substrate was added. Thus, the 


slow rates of cytochrome c oxidation, which were measured with- | 
out added substrate, cannot be explained on the basis of opposing | 


back reactions. 


2. Light-induced reactions: Fig. 2 shows the increase in the : 


rate of oxidation of cytochrome c when the mixture of reduced 
cytochrome c and R. rubrum extract is illuminated with infrared 
light. It can be seen that illumination resulted in a more rapid 
decrease in optical density at 550 my, after which the slow rate 
of dark oxidation either stopped, or there was a slow reduction 
of cytochrome c (increase in optical density). The optical den- 
sity changes during continuous illumination are plotted in Fig 
3. Here the steady state value reached does not represent 
complete oxidation of the cytochrome c, as shown by the fur- 
ther oxidation of cytochrome c by ferricyanide. 


ture of oxidized and reduced cytochrome c is obtained on il [ 
lumination of a mixture of R. rubrum particles and oxidized | 


cytochrome c. 


Entirely similar results were obtained on illumination whether : 
the R. rubrum extract was prepared in a sonic vibrator or with 


powdered glass. 


In a number of experiments it was observed that the rate of 


reduction of cytochrome c in the dark in the presence of cyanide 


The data of | 


The same mix 
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and succinate was increased after a period of illumination. 
iction | 


cytochrome c alone. 


June 1959 
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2 0.2- off | 
of | 
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Ol- 
2 
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Fic. 2. Oxidation of cytochrome c by R. rubrum extract during 
intermittent illumination. The reaction mixture contained 0.1 


mi. of R. rubrum extract in 0.05 m phosphate buffer, pH 7.4, con- 


taining 15 wm reduced mammalian cytochrome c. Illumination 


was as described in text. 
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Fic. 3. Oxidation of cytochrome c by R. rubrum extract during 
continuous illumination. Same extract as in Fig. 2. 


It 
was also observed that the decrease in optical density at 550 mu 
after illumination of the extract plus cytochrome c was greater 
than that which would have been expected from the oxidation of 
In other words, there was a decrease in 
absorption of something in the R. rubrum extract at this wave 
length. 

When the R. rubrum extract is heated at 70° for 30 minutes, 


_ the suspension precipitates in small particles; the particles do 
_ hot settle when suspended in 1.5 m sucrose. When this suspen- 


Was aerobic. 


_ sion of heated particles is added to reduced cytochrome c, no 


dark oxidation is observed, but the cytochrome c is still oxidized 
on illumination. 

In all of the experiments described above, the reaction mixture 
As observed by Vernon and Kamen (3), no oxida- 
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tion of cytochrome c was observed under anaerobic conditions, 
either in the dark or the light. 


DISCUSSION 


The data reported show that extracts of R. rubrum which are 
capable of active respiration do not have significant cytochrome 
c oxidase or cytochrome cz oxidase activities. The lack of an 
active cytochrome c oxidase agrees with the observation that 
intact cells of these bacteria have no cytochrome a; (2). It has 
also been shown (16) that broken-cell extracts of a number of 
other kinds of bacteria do not oxidize mammalian cytochrome 
c, except at a very low rate. Spectrophotometric observations 
of intact cells of R. rubrum showed that the cytochrome c, re- 
mains largely reduced in the presence of air (2). Thus, although 
Vernon and Kamen concluded that R. rubrum possesses a dark 
cytochrome c oxidase (3, 4), quantitative measurements show 
that the slow rate of reaction could have no physiological sig- 
nificance and that the cytochrome ¢: is not a part of the bacterial 
respiratory system. Further evidence against a function for a 
evtochrome cz oxidase is given by the observation that after a 
period of illumination, the slow oxidation in the dark of cyto- 
chrome cz (or cytochrome c) stops, although illumination pro- 
duces no inhibition of the respiratory rate. 

Although the rate of oxidation of reduced cytochrome ¢ during 
illumination is greater than the oxidation in the dark, it is not 
an extremely rapid reaction. Illumination results in a steady- 
state level of cytochrome c which is still partly reduced. It 
would appear that this steady-state mixture of oxidized and re- 
duced cytochrome c is the result of reaction with oxidized and 
reduced substances formed on illumination. The oxidation of 
reduced cytochrome c or c. on illumination does not appear to 
be an enzymatic reaction, since it is not inactivated by heating 
the extract at 70° for 30 minutes, when the proteins of the extract 
have precipitated as fine particles. The heated precipitate re- 
suspended in strong sucrose retains its activity. Vernon and 
Kamen (3) reported that the ‘‘photooxidase” activity of R. 
rubrum extract was lost on boiling; but heating will coagulate 
the mixture, and they do not report an attempt to examine the 
resuspended precipitate. As reported by Vernon and Kamen 
(3) also, the light-induced oxidation takes place only in the pres- 
ence of air. Since the bacteria do not evolve oxygen on illu- 
mination (15) and grow well anaerobically in the light, a photo- 
oxidase requiring oxygen would be of little importance to the 
bacterial metabolism. The data in the following paper show 
that the endogenous cytochrome c, of R. rubrum extracts is not 
oxidized on illumination except when there is concurrent phos- 
phorylation. 

An enzyme system from digitonin-treated spinach chloroplasts 
has been described (17) which will oxidize mammalian cyto- 
chrome c on illumination. Unlike the bacterial extracts, the 
chloroplast system was found to be heat-labile, but in both sys- 
tems there is a requirement for oxygen. 

On preparation of cell-free extracts of R. rubrum, the inhibi- 
tory effect of illumination on the respiration is lost. An ex- 
planation for this is suggested in the following paper. 

Two observations suggest that oxidizing or reducing sub- 
stances can accumulate in solution after illumination of R. rubrum 
extracts or cells. (a) The rate of reduction of soluble cytochrome 
c by extracts containing succinate in the dark is increased after 
a period of illumination. (b) We also confirmed the observation 
of Vernon and Kamen (3) that illumination of a mixture of re- 
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duced cytochrome c and intact cells of R. rubrum results in an 
oxidation of the cytochrome. Since it is unlikely that the cyto- 
chrome penetrates the cells, it must either react with oxidizing 
substances at the cell surface or such substances released into 
the medium. 


SUMMARY 


1. Cell-free extracts and washed particle suspensions of Rho- 
dospirillum rubrum are described which can respire in the pres- 
ence of added substrates. 

2. The extracts of R. rubrum can oxidize mammalian cyto- 
chrome c or the bacterial cytochrome cz at a low rate in the 
dark. The rate of oxidation of either cytochrome is very low 
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succinate. This and other data indicate that cytochrome ¢, j 
not a part of the bacterial respiratory chain. 

3. The rate of oxidation of cytochrome c (or cz) by R. rubrup 
extract is increased by illumination with infrared light, but this 
more rapid oxidation is not inactivated when the extract 
heated at 70° for 30 minutes, even though the proteins of th, 


extract are precipitated. Thus the oxidation of cytochrome, | 
on illumination does not appear to be an enzymatic reaction } 
The reaction, which requires oxygen, is also not important iy | 


the metabolism of these bacteria. 
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As in many other kinds of bacteria, the addition of oxygen to 
anaerobic photosynthetic bacteria in the dark results in the oxi- 


_| dation of the cytochrome pigments of the respiratory chain (1, 


2). Illumination of the anaerobic bacteria results in the oxida- 
tion of the respiratory chain cytochrome system as well as at 
least one additional cytochrome pigment (2). This type of ob- 


- servation, and work on the isolation of cytochromes from photo- 


synthetic bacteria (3, 4), has led to speculation about the rela- 
tionship of the respiratory electron transport chain to that 
involved in light-induced reactions. 

The nature of the systems of oxidizing enzymes reacting with 
oxygen or during illumination has been further studied with cell- 


‘| free extracts of Rhodospirillum rubrum. The extracts can re- 


spire (5) and can bring about the light-induced phosphorylation 
of adenosine diphosphate to adenosine triphosphate. The latter 
reaction was first demonstrated by Frenkel (6) in sonic extracts 
of these bacteria. Studies of the relative rates of oxygen uptake 
in the dark and the light-induced phosphorylation, the effects 
of added substrates and inhibitors, and of absorption spectrum 
changes related to the respiration and light-induced phosphoryla- 
tion lead to the conclusion that two different systems of enzymes 
are responsible for the two activities. 

The data in the preceding paper (5) show that the evtochrome 
c of the bacteria does not seem to participate in the respiratory 
chain of these bacteria. The cytochrome cz of the cell-free ex- 
tracts is observed to be oxidized when the extracts are illuminated 


under conditions when phosphorylation of adenosine diphosphate 


is taking place; thus, this cytochrome participates in ovxida- 
tion-reduction reactions during illumination. 

A tentative scheme of reactions is presented to account for 
these observations. 


METHODS 


Culture of Bacteria and Preparation of Cell-Free Extracts—The 
bacteria were grown as described in the preceding paper (5). 
They were washed once with 0.25 m sucrose containing 0.01 M 
Versene (ethylenediaminetetraacetate), neutralized to pH 7.4. 
The paste of cells was ground in the cold in a mortar with 3 times 
The mixture was ex- 


* This research has been supported by a grant from the United 
States Public Health Service. A preliminary report of some of 


_ the data was presented at the meeting of the American Society of 
_ Biological Chemists at Atlantic City in April 1956. 


+ Present address, Department of Biochemistry, Dartmouth 


_ Medical School, Hanover, New Hampshire. 


} Present address, Wenner-Grens Institute, University of Stock- 


holm, Stockholm, Sweden. 


tracted with a volume of cold 0.2 M glycylglycine buffer equal 
to 4 ml. for each gram wet weight of bacteria ground. After 
centrifuging at 8100 x g for 10 minutes, the deep purple super- 
natant fluid was decanted. The phosphorylating activity of 
this extract in the light was usually stable for several days at 4°, 
but the respiratory activity was somewhat less stable. The 
relative concentrations of different extracts were assessed by 
measuring the optical densities of appropriate dilutions at 800 
my (Dgo0). 

Manometric Experiments—Oxygen uptake of the extract di- 
luted with 0.2 m glycylglycine buffer in the presence of various 
substrates and inhibitors was measured by the usual Warburg 
manometry (7) at 30°. 

Measurement of Phosphorylation of ADP—Light-induced phos- 
phorylation of ADP was assayed by measuring the rate of dis- 
appearance of inorganic phosphate during illumination of the 
extract in a water bath at 30° by 75-watt reflector spot lamps at 
a distance of 6 inches from the tubes (about 17,000 lux). The 
reaction mixture contained 0.01 m MgCl, 0.01 m KF, 0.0067 m 
inorganic phosphate, 0.0034 a ADP, and 0.2 ml. of bacterial 
extract in a total volume of 3 ml. The reaction was terminated 
by addition of 1 ml. of 10 per cent trichloroacetic acid, and the 
inorganic phosphate of the supernatant solution was determined 
by the method of Rockstein and Herron (8). The controls ac- 
companying the experiment contained the same components, 
but the trichloroacetic acid was added before the bacterial ex- 
tract. Frenkel (6, 9) has demonstrated that the disappearance 
of inorganic phosphate in the light-induced phosphorylation is 
equivalent to the ATP formed. 

Spectrophotometric Observations—Changes in optical density 
which resulted when the respiring extracts removed the oxygen 
from the solution and became anaerobic were recorded by means 
of the sensitive double-beam recording spectrophotometer de- 
scribed by Chance (10). Recording the difference in absorbancy 
between two wave lengths served to minimize the interference 
which might have resulted from changes in the light-scattering 
properties of the extracts. Recordings were also made when 
either aerobic or anaerobic extracts were illuminated under vary- 
ing conditions. The illumination was at right angles to the 
measuring beam by a 100-watt projection lamp connected to a 
110-volt direct current line in series with a 50-ohm resistor, the 
lamp filament being at an effective distance of 10 cm. from the 
sample. The light was filtered through a Wratten 88A filter, 
which removes light of wave lengths shorter than 720 mu. The 
rate of the light-induced phosphorylation in this filtered light 
was found to be about 50 per cent of that obtained with the re- 
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flector spot lamps. Several similar experiments were also made 
with intact cells. 

The spectrophotometric observations were made in the Soret 
region of the spectrum (400 to 470 my), since it was found in in- 
tact cells of R. rubrum that changes in the absorption spectrum 
of carotenoid pigments interfere with measurements of the dif- 
ference spectra related to cytochromes in the visible region of 
the spectrum (2). 


RESULTS 


Observations of Oxygen Uptake and Light-induced Phosphoryla- 
tion—The data in Table I compare the rates of oxygen uptake 
in the dark of a typical extract with the disappearance of inor- 
ganic phosphate on illumination. It can be seen that, (a) the 
rate of respiration is markedly increased on addition of succinate, 
while the light-induced phosphorylation is essentially the same 
in the presence or absence of substrate, and (6) the rate of oxygen 
uptake is small comphkred to the rate of phosphorylation in the 
light. In these extracts prepared by grinding with alumina, 
oxidative phosphorylation in the dark is very low or absent. 

Table II summarizes the effects of a number of inhibitors. A 
concentration of 10-® m 3-hydroxy-l-heptylquinoline N-oxide 
completely inhibited the light-induced phosphorylation, but had 
no inhibitory effect on the respiration. On the other hand, 
cyanide inhibited the respiration without affecting phosphoryla- 
tion in the light. Malonate at the concentration used was more 


TABLE I 
Respiration and light-induced phosphorylation in extracts of 
Rhodos pirillum rubrum 


_ Dark respiration 29.7° | Light-induced | 


hosphory- Oxidative 
Substrate added \— ve ation, 28°, phosphorylation 
in dark 


Dew phate/hr. X Dsoo 


| 


0.5 | 40 very low or 
| | 

Succinate, 20mm.., 83 3.6 42 very low or 
| | | none 


Tasie II 
Effect of inhibitors on respiration and light-induced phosphorylation 
in extracts of Rhodospirillum rubrum 


— 


| Light-induced phos- 


Respiration in dark, phorylation, per cent 


percent inhibition 


Concen- inhibition 
Inhibitor ' tration of | 
| inhibitor 
| No added Succinate, | No added | Succinate, 
| substrate 20 mM substrate 20 mM 
M | 
3-Hydroxyl-1- | | 
heptylquinoline | | | | 
Phenylmercuric | | | | | 
10-4 | 33 | | 45 
Malonate......... 17 | 35 
LE 
* Data on cy anide inhibition of respiration are erratic. U 


acetate is also present with the succinate, sometimes 1074 M eya- 
nide is more inhibitory than 107% Mm. Possibly keto acids ac- 
cumulate in the absence of acetate which will bind evanide. 
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Fic. 1. A. Recording of the changes in optical density at 430 
minus 470 mp when R. rubrum extract changes from the aerobic 
to the anaerobic state and when the extract is illuminated, as de- 
scribed in the text. The extract was diluted in glycylglycine 
buffer, pH 7.4, and succinate was added to a final concentration 
of 0 015 M. B. Recording of the change in optical density at 430 
minus 450 my when intact cells of R. rubrum become anaerobic 
and when the cells are illuminated. The cells were taken directly 
from the culture bottle. 
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inhibitory to the respiration than to the light-induced phos- 
phorylation, while phenylmercuric acetate (10-4 Mm) has a greater 
effect on the phosphorylation. The light-induced phosphoryla- 
tion was found to proceed at the same rate in the presence or 
absence of air when substrate was present. 

It is evident from the data described that the enzyme systems 
mediating respiration and light-induced phosphorylation are not 
the same. The effects of adding substrates and a number of 
inhibitors are quite different with the two activities. Also, it 
was found that there was no relationship between the rates of 
the two reactions in different preparations; occasionally, extracts 
were obtained where one activity was quite slow and the other 
rapid. 

Spectrophotometric Observations—Fig. 1A is a recording which 
shows the increase in optical density at 430 minus 470 my when 
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the oxygen in solution is exhausted by the cell-free preparation 
of R. rubrum and the suspension becomes anaerobic. It also 
shows the rapid increases in optical density which occur when 
the extract is illuminated under either aerobic or anaerobic con- 
ditions; these changes are rapidly reversible when the light is 
turned off. The changes in absorption spectrum at this wave 
length which result from illumination of the extract are very 
different from those observed in intact cells, illustrated in Fig. 
1B. Illumination of cells in the presence of oxygen produces 
only a very small increase in optical density, while illumination 
of cells in the absence of oxygen results in a decrease in optical 
density, rather than the increase observed in the cell-free ex- 
tracts. In some extracts the increase in optical density on be- 
coming anaerobic in the dark was observed to be slow and 
diphasic, but the spectrum of the change was the same irrespec- 
tive of the kinetics. 

When the changes in optical density observed as described 
above are measured at different wave lengths throughout the 
Soret region of the spectrum and these are plotted against wave 
length, the difference spectra of Fig. 2 are obtained. The dif- 
ference in absorption spectrum between extract in the dark in 
the presence and absence of oxygen (Curve I) has a peak at 428 
my, and this absorption peak is the same as that observed in the 
corresponding difference spectrum of intact bacteria (1,2). Thus 
the same respiratory chain cytochromes are apparent in intact 
cells and in the cell-free extracts. The difference spectra ob- 
tained on illumination of the cell-free extracts do not resemble 
at all those seen when intact bacteria are illuminated (2); there 
is no evidence for the oxidation of cytochromes on illumination 
of the cell-free extracts to which only substrate has been added. 
Instead, in either the presence or absence of oxygen there is the 
appearance of a broad absorption peak at 432 to 436 my and 
sometimes a small peak around 420 my (Curves II and J//). 
The broad absorption peak is not like that characteristic of cyto- 
chrome pigments; its possible origin will be the subject of a sub- 


Rhodospirillum rubrum extract 
I-anaerobic minus aerobic in dark 
II-anaerobic light minus anaerobic dark 
I- aerobic light minus aerobic dork 


+0.010- 


= +0006- 
E 
a 
+0.002~ 
-0002—4 ‘e 
reference wavelength = 470 my 
400 430 460 
A (my) 


Fic. 2. Difference spectra of R. rubrum extract. JI. The differ- 
ence in absorption spectrum between extract in the dark in the 
absence and presence of oxygen. J//. The difference in absorption 
spectrum between illuminated and dark extract in the absence of 
oxygen. JIJ. The difference in absorption spectrum between il- 
luminated and dark extract in the presence of oxygen. The ex- 
tract was diluted with 0.2 m glycylglycine buffer, pH 7.4, and suc- 
inate was added to a final concentration of 0.015 M. 
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Fic. 3. Changes in absorption spectrum of R. rubrum extract 
resulting from illumination in the presence and absence of ADP. 
R. rubrum extract was diluted with buffer (0.2 m glycylglycine, 
pH 7.4) containing 0.01 mM Mg** and F~ ions and 0.0067 m inorganic 
phosphate and 0.015 M succinate. Curve J shows the difference in 
absorption spectrum between illuminated and dark extract in the 
anaerobic state. Then ADP was added to the same mixture to a 
concentration of 0.0034 mM and Curve [7 was obtained which repre- 
sents the difference between illuminated and dark extract in the 
anaerobic state when light-induced phosphorylation was taking 
place. 


sequent paper. The ratio of the height of the absorption peak 
in the difference spectrum in the dark to the absorption peaks 
which appear on illumination is highly variable. In some ex- 
tracts the peaks appearing on illumination are as large as that 
of the difference spectrum in the dark, but usually the latter is 
larger. 

When the extract is illuminated under conditions where light- 
induced phosphorylation can take place, the difference spectra 
change considerably. Such an experiment is depicted in Fig. 3. 
In the presence of a phosphate acceptor (ADP) illumination of 
the mixture results in a trough in the difference spectrum at 420 
my, and the broad band usually decreases. The data of Fig. 3 
were obtained with extract in the absence of oxygen, but similar 
results are also observed when oxygen is present. Sometimes a 
deeper trough is seen in the presence of oxygen. Since the cyto- 
chrome c, of the bacteria has a peak in the difference spectrum 
at 420 my, the trough appearing on illumination in the presence 
of ADP represents the oxidation of the cytochrome c2. The oxi- 
dation is reversible when illumination is stopped. It should be 
stated that with some extracts the trough in the difference spec- 
trum due to the oxidation of cytochrome c2 is small. Quite dis- 
tinct troughs, showing a relatively large steady-state change in 
the cytochrome ¢2, are only seen in very active extracts (where 
the rate of light-induced phosphorylation is greater than 40 
pmoles of ATP per hour 

When the extract containing ADP is illuminated in the pres- 
ence of a concentration of 3-hydroxy-l-heptylquinoline N-oxide 


1 uMoles of phosphate per hour X Dsoo = umoles of inorganic 
phosphate esterified per hour divided by the optical density of 
the mixture at 800 mg. 
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Intact cells of Rhodospirillum rubrum 
1-aonoerobic minus oerobic in dork 
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N-oxide , 
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Fic. 4. Effect of the inhibitor 3-hydroxyl-1-heptylquinoline N- 
oxide on the difference spectra of intact cells of R. rubrum in the 
light. J. Difference in absorption spectrum between cells in the 
dark in the absence and presence of oxygen. JJ. Difference in 
absorption spectrum between dark and illuminated cells in the 
absence of oxygen. The cells were used directly from the culture 
bottle. 


which inhibits the light-induced phosphorylation, the trough at 
420 my become deeper, and the broad absorption band at 434 my 
increases and shifts to around 430 my. This effect is somewhat 
variable in different preparations, but is always more pronounced 
when oxygen is present. The data suggest that the inhibitor 
may act to break the light-induced electron-transport chain be- 
tween a b- and a c-type cytochrome, in a manner similar to the ef- 
fect of antimycin A on the mammalian respiratory chain (11). 
The evidence for the participation of a b-tvype cytochrome is some- 
what obscured by the large broad absorption peak around 434 my. 
The action of the inhibitor in intact cells, show in Fig. 4, is al- 
ways clear and reproducible. The difference spectra in the ab- 
sence of the inhibitor, as reported previously (2), show the oxida- 
tion of both the respiratory chain cytochromes and cytochrome 
c2 on illumination of anaerobic cells. In the presence of inhibitor 
the difference spectrum in the dark is the same, as would be ex- 
pected since the inhibitor does not affect the respiration. II- 
lumination of cells under anaerobic conditions in the presence of 
inhibitor results in an increased oxidation of the cytochrome cy» 
and a decreased oxidation of some of the b-type cytochromes 
(Soret peaks around 430 my). 


DISCUSSION 


The measurements of the activities of broken-cell suspensions 
of R. rubrum indicate that two different enzyme systems mediate 
the oxidation of substrates by oxygen and the phosphorylation 
of ADP on illumination. The two activities are affected very 
differently by the addition of substrates and by a number of in- 
hibitors. Sometimes one reaction is very slow in a preparation 
where the other is quite active. Since the extracts, as prepared, 
will not carry out oxidative phosphorylation, the light-induced 
phosphorylation must come from another pathway than that 
linked to the respiratory chain. 

In the cell-free extracts of R. rubrum the anaerobic minus 
aerobic difference spectrum in the dark is that typical of the 
respiratory chain cytochromes. But the only change in absorp- 
tion spectrum related to cytochrome pigments seen on illumina- 
tion is the oxidation of the cytochrome cs while light-induced 
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phosphorylation is proceeding. Thus the oxidation-reduction 
reactions including cytochrome c: are obligatorily coupled to 
the phosphorylation system. The presence of cytochrome ¢, 
in the pathway operating during light-induced phosphorylation 
agrees with the observations on intact cells, where illumination 
results in the oxidation of both the respiratory chain cytochromes 
and cytochrome c:. Illumination of the cells in the presence of 
the inhibitor which blocks the light-induced phosphorylation, but 
not respiration, results in increased oxidation of cytochrome ¢, 
and also probably decreased oxidation of some cytochrome b, 
The data of the preceding paper (5) show that cytochrome ¢ jg 
not a part of the respiratory chain. 

The data with intact cells show that both the respiratory chain 
cytochromes and cytochrome cz are oxidized on illumination of 
anaerobic cells. It has been shown by van Niel (12) that the same 
substrates can be oxidized during illumination of cells in the ab 
sence of oxygen as those oxidized by oxygen in the dark, again 
implicating the respiratory chain pigments. Frenkel (9) and 
Geller and Gregory (13) found that substrates are not onidized 
during light-induced phosphorylation, but there is evidence for 
the reduction of DPN during illumination (14, 15). The obser- 
vations on whole cells and those with cell-free extracts may be put 
together and represented schematically as follows: 


“photochemical apparatus”’ 


| 


reductant — cytochrome chain including cytochrome — oxidant 
c. and probably a b-type cytochrome le 
| 
ADP ATP cytochrome chain — 0; 
DPN DPNH including a c-type 
; ADP and a b-type 
®B) cytochrome 
ATP <— 


oxidizable substrate 


This scheme is similar to one suggested by Frenkel (16). 

Clear evidence for the participation of a b-type and a c-type 
cytochrome in the respiratory chain is found in the region of the 
a-bands when bacteria grown in the dark with aeration (2) are 
examined for changes in absorption spectrum resulting from addi- 
tion of oxygen. The evidence for a b-type cytochrome in the 
pathway over which the photoreductant and oxidant react with 
the production of ATP is not as good, due to the broad absorp- 
tion band at 434 my which appears on illumination of the cell- 
free extracts. R 

The nature of the pigment responsible for the broad absorp- 
tion band around 434 my will be discussed in a separate com- 
munication. It does not appear to be involved in any of the 
reactions in the scheme presented above. 

There is no spectrophotometric evidence for either of the above 
pathways when cell-free extracts containing succinate are il- 
luminated. This must be due to the lack of DPN and of phos 
phate acceptor. When the latter is added (ADP), pathway A 
becomes operative. Since we have not been able to obtain DPN 
reduction in our extracts, we have not been able to demonstrate 
the functioning of pathway B on illumination. 

Although our extracts as prepared do not carry out oxidative 
phosphorylation, extracts prepared by other methods can do 90. 
This reaction undoubtedly takes place in intact cells and would 


thus serve as an additional source of ATP during illumination. | 
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The absence of the capacity for oxidative phosphorylation in our 
extracts has made clearer the distinction between the respiratory 
pathway and the alternate phosphorylating pathway. 

The scheme described above differs from that currently pro- 

for similar reactions in green plant chloroplasts (17, 18), 
where ATP formation is proposed on the pathway to reduction 
of TPN, and phosphorylation of ADP without TPN reduction 
results from a cyclic process including additional redox systems. 
The bacterial systems differ from those in green plants in that in 
the latter no oxidation of substrates via the respiratory chain 
results from reaction with the photooxidant. In our bacterial ex- 
tracts, light-induced phosphorylation proceeds at nearly the max- 
imum rate without addition of any redox systems, and concen- 
trations of ascorbic acid, FAD, and vitamin K (menadione) which 
activate the ‘‘cyclic phosphorylation” in the plant system are all 
inhibitory to the light-induced phosphorylation in R. rubrum ex- 
tracts.2. Further work with R. rubrum extracts which are ca- 
pable of reducing DPN would be helpful in clarifying the situa- 
tion. 

A number of points remain unexplained. The reduction of 1 
molecule of DPN requires more energy than can be obtained from 
1 quantum of light absorbed. Whether the extra energy re- 
quired is derived from some of the ATP has not been demon- 
strated. Also, the inhibitory effect of oxygen in the absence of 
substrate on the light-induced phosphorylating system remains 
puzzling. ‘There is some evidence (13, 19) that this system in ex- 
tracts of photosynthetic bacteria functions best when “‘poised”’ 
at optimal steady-state redox conditions. How this is accom- 
plished in intact cells is not obvious. The greater oxidation of 
cytochrome c2 seen on illumination of extracts in the presence of 
3-hydroxy-1-heptylquinoline V-oxide under aerobic conditions as 
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compared with anaerobic conditions and the inhibitory effect of 
oxygen on phosphorylation might be related to the need for a 
given oxidation-reduction state. 


SUMMARY 


1. In cell-free extracts of Rhodospirillum rubrum the properties 
of the systems responsible for mediating oxygen uptake in the 
dark and the phosphorylation of adenosine diphosphate in the 
light were investigated. The two systems were found to differ 
in a number of respects. 

(a) The rate of respiration in the dark was markedly increased 
on addition of a substrate, such as succinate, while the rate of 
phosphorylation in the light was hardly affected. The maximal 
rate of respiration observed was usually low compared to the 
rate of light-induced phosphorylation. 

(b) Quite different inhibitory effects on the two activities were 
observed on addition of a number of substances. 

(c) There was no relationship between the rates of the two ac- 
tivities in a number of preparations. 

Thus two different systems of enzymes are involved in the two 
activities. 

2. When cell-free extracts are illuminated under either aerobic 
or anaerobic conditions, a broad peak appears in the absorption 
spectrum around 434 my. The substance responsible for this 
change in absorption spectrum is unknown. No oxidation of cy- 
tochrome pigments is observed on illumination of the cell-free 
extract, unless phosphorylation is taking place simultaneously; 
then there is observed an oxidation of the cytochrome c2 present. 
Thus a role for this bacterial cytochrome is indicated. 

3. An hypothesis is presented which attempts to account for 
the observations on energy-transferring reactions in photosyn- 
thetic bacteria. 
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The capacity for oxidative phosphorylation is generally re- 
garded as one of the most significant biochemical properties of 
mitochondria. The numerous biochemical investigations of iso- 
lated mitochondria that have revealed this property also have 
led to the widely accepted tenet that these organelles are unstable 
entities when isolated. For example, such seemingly mild pro- 
cedures as freezing and thawing, brief incubation at 37° in the 
absence of oxidizable substrate, or prolonged storage at low tem- 
peratures (4°) have been reported to result in almost complete 
loss of the phosphorylative activity (2,3). Although there are a 
few incidental observations that this instability is not an invari- 
ant attribute of isolated liver mitochondria (4, 5), the effects of 
prolonged storage at 4° upon oxidative phosphorylation has not 
been extensively investigated. 

The isolation of mitochondria of high stability has facilitated 
the present study in which some of the factors affecting the sta- 
bility of oxidative phosphorylation and related reactions, such 
as the inorganic orthophosphate-adenosine triphosphate exchange 
are examined. In addition, this communication describes some 
of the changes that occur during storage of mitochondria at low 
temperatures. 


EXPERIMENTAL 


Mitochondria—Mitochondria were isolated from rat liver in 
0.25 m sucrose essentially by the differential centrifugation tech- 
nique of Schneider (6). Meticulous attention was given to all 
details, especially in regard to rigorous temperature control and 
rapidity of manipulation.!. The mitochondria were washed twice 
and suspended finally in a volume of ice-cold 0.25 M sucrose so 
that each milliliter represented the mitochondria obtained from 
0.5 gm. wet weight of tissue. The average N content by micro- 
Kjeldahl was 1.5 to 2.0 mg. per ml. 

Aliquots were assayed immediately. The remainder was 
stored in glass-stoppered test tubes in the refrigerator at 4°. 
Subsequent analyses were made at desired intervals. The mito- 
chondria after storage were resuspended in the cold room by 
gentle inversion of the tubes. The pH of the mitochondrial sus- 
pensions when freshly isolated and also after storage was 7.0 to 

Analytical—Oxidation of 8-hydroxybutyrate was followed by 
estimation of the accumulated acetoacetate (7). Since the 

* A preliminary report of this work has been presented (1). 


1A detailed description of the author’s procedure is available 
upon request. 


amount of oxygen consumed during the oxidation of 8-hydroxy- 
butyrate in liver mitochondria is stoichiometrically related to the 
acetoacetate formed (1 watom of oxygen = | ymole acetoacetate), 
the P-acetoacetate ratio is equivalent to the P:O ratio (8). Oxi- 
dation of the other substrates was determined manometrically. 

The net uptake of phosphate was calculated from the differ- 
ences between the inorganic phosphate content (9) of reaction 
mixtures after a stated period and the corresponding zero time 
values. 

ATPase activity was measured as described previously (10). 

The P;?-ATP exchange was determined by a technique de- 
scribed by Cooper and Lehninger (11). After separation of in- 
organic orthophosphate from the other forms of phosphate pres- 
ent such as ATP, ADP, and pyrophosphate (12), aliquots were 
counted in a Tracerlab automatic gas flow counter. 

Solutions of all reagents were prepared in glass distilled water. 


RESULTS 


Oxidative Phosphorylattion—Fig. 1 summarizes the results of 
simultaneous determinations of oxidative phosphorylation and 
adenosine triphosphatase activity in stored rat liver mitochon- 
dria. These preparations retained almost full capacity for cou- 
pling phosphorylation to the oxidation of 8-hydroxybutyrate 
after 24 hour’s storage at 4°. In the 20 experiments summarized 
in Fig. 1 the average decline in the P:O ratio was only 7 per 
cent. It should be emphasized that chelating agents or inert 
proteins were not required to stabilize these mitochondria. After 
48 hours of storage, a significant decline in phosphorylation was 
observed, but even at the end of 72 hours approximately 40 to 
50 per cent of the original activity remained. In these experi- 
ments, aliquots of the stored mitochondrial suspension were re- 
moved at the times indicated; this procedure necessarily involved 
handling the suspensions on 3 successive days. In other experi- 
ments to be described, the mitochondria were left undisturbed 
for 72 hours. Aliquots then removed always displayed higher 
P:O values than those assayed daily .* 

The stability for oxidative phosphorylation with additional 

2 The abbreviations used are: Pj, inorganic orthophosphate; 
EDTA, ethylenediaminetetraacetate. 

* This observation is illustrated in the data of Tables IV and 
V. In experiments designed to test this point, mitochondrial 
preparations from the same liver were divided into two aliquots, 
one of which was sampled at daily intervals and the other left 


undisturbed until final assay. Higher P:O values invariably were 
found with those preparations that were stored undisturbed. 
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| OXIDATIVE 
PHOSPHORYLATION 


MOLES PHOSPHATE RELEASED 


24 48 72 
HOURS AFTER ISOLATION 


Fic. 1. The effect of prolonged storage at 4° upon oxidative 
phosphorylation and ATPase activity of isolated rat liver mito- 
chondria. Experimental details are given in the legends of Tables 
land II. 8-Hydroxybutyrate was the substrate for oxidative 
phosphorylation. 


TABLE I 
Stability of oxidative phosphorylation with various substrates 


Each flask contained in a final volume of 2 ml. 80 uwmoles of 
glyveylglvcine buffer, pH 7.4, 50 wmoles of pL-8-hydroxybutyrate, 
or 20 umoles of other substrates, 20 or 30 umoles of orthophosphate, 
pH 7.4, 5 umoles of ADP, 2 uwmoles of DPN, 0.03 umole of cyto- 
chrome c, 50 umoles of glucose, 0.5 mg. of hexokinase (Sigma, Type 
II), 10 umoles of MgCl2, 30 umoles of KF (added last) and 0.5 ml. 
0.9 mg. N, average) of mitochondria. Experiments with a-keto- 
glutarate and glutamate included 20 wmoles of malonate. Re- 
actions initiated by the addition of cold mitochondria to flasks 
containing all other components. Oxidation of 8-hydroxybu- 
tyrate was followed by measuring the stoichiometric accumula- 
tion of acetoacetate (7). Oxidation of the other substrates was 
determined by manometry. The oxygen uptake during the 7 to 
10 minutes of temperature equilibration was estimated by extra- 
polation; in these experiments 0.2 ml. of 20 per cent KOH was pres- 
ent in the center wells. Incubated in air for 20 minutes at 30°. 


Substrate 
Hours | 
after 8-Hydroxybu- Succinate Glutamate Ketoglutarate Malate 
(10) | (5) (6) (4 


isola- tyrate (20)* 
tion 


AP; 30 'P:0 AP; | AO P:O ASP; AO P:0 AP; P:O SP; 
pat. wat. | | pat. | 
moles oms atoms ‘moles Ooms | | jmoles jones | 
0 15.35.22.9 15.0 
24 12.84.62.814.4 8.21.8 16.86.82.5 13.86 12.3 9.35.91.6 
9.74.62.111.7 9.01.3 12.77.51.7)12.46.02.1 5.05.11.0 
2 6.74.81.4 8.3 10.90.811.39.71.2 7.85.61.4 3.75.60.7 
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substrates is shown by the data of Table I. Stability comparable 
with that found for 6-hydroxybutyrate was obtained with suc- 
cinate and glutamate; lesser stability was observed with a-keto- 
glutarate and malate. The findings with a-ketoglutarate are 
especially interesting; with this substrate, the greatest decline in 
phosphorylation occurred during the first 24 hours of storage. 
The oxidation of the keto acid was determined by chemical analy- 
sis (13) as well as by manometry. With freshly prepared mito- 
chondria excellent stoichiometry with respect to watoms of oxy- 
gen consumed and yumoles of keto acid utilized was observed 
(1:1). However, in several experiments with mitochondria that 
had been stored for 48 hours or longer, the oxygen uptake could 
not be fully accounted for in terms of keto acid disappearance. 
This phenomenon was not explored further. 

Adenosine Triphosphatase Activity—The negligible ATPase ac- 
tivity exhibited by the freshly isolated mitochondria was consid- 
erably increased after prolonged storage (Fig. 1). Although in- 
creased ATPase activity always was associated with a lower rate 
of oxidative phosphorylation, a quantitative correlation between 
the two activities was not always observed. Indeed, with some 
mitochondrial preparations, the greatest increase in phosphatase 
activity occurred during the first 24 hours, when there was least 
decline in oxidative phosphorylation. The ATPase data gen- 
erally were more variable than the P:O values. 

Uncoupling Agents—Table II summarizes the effects of un- 
coupling agents on the ATPase and phosphorylative activities 
of freshly isolated and stored mitochondria. The low ATPase 
activity of the freshly isolated mitochondria was strongly en- 
hanced by the addition of either pentachlorophenol or dinitro- 
phenol. In contrast, this well recognized latency effect was con- 
siderably diminished in preparations that had been stored for 48 
hours. However, large increases in AT Pase activity were observed 
in the stored mitochondria after preincubation of the mitochon- 
drial suspensions at 37° in absence of substrate, or after the addi- 


TABLE II 
ATPase activity, latency, and uncoupling 
of oxidative phosphorylation 
ATPase activity was assayed in a medium containing 40 umoles 
of glyeylglycine buffer, pH 7.4, 6 wmoles of ATP, 5 wmoles of 
MgCle, 0.2 ml. (0.4 mg. N, average) of mitochondria, plus addi- 
tions as indicated, and sufficient 0.25 M sucrose to make a final 
volume of 1.0 ml. Incubated 10 minutes at 25°. Oxidative phos- 
phorylation with 8-hydroxybutyrate was determined under the 
conditions described in Table I. 


| Freshly isolated Stored 48 hours 


| | Oxidative | Oxidative 
Conditions ATPase | phosphorylation | ATPase phosphorylation 
| Aceto- | _ |& Aceto- 
| Pj SP; acetate | Pi 4P; acetate 
mmoles _pmoles  wmoles | pmoles | pmoles  pmoles 
None (control). ..... | 0.05 15.4) 5.3 | 0.6 | 5.1 
Pentachlorophenol, | | | 
......1 BH 1 6 | 5.2 
| 
Dinitrophenol, 5 X | | | 
Preincubated*....... 2.1 | 2.0 
Benzene, 0.05 ml.....| 3.8 | 3.7 


* The figures in parenthesis refer to the number of experiments. 


* Preincubated at 37° for 20 minutes before assay. 
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TaBLeE 
Effect of storage of mitochondria on requirements 
for oxidation and phosphorylation 
Experimental conditions as given in legend to Table I with 
8-hydroxybutyrate as substrate. 


Hours after isolation 
Assay system 0 | 24 72 

pmoles | pmoles | ywmoles | pmoles | pmoles | pmoles 
Complete... ...... 8.8 3.1 8.1 3.1 4.3 3.3 
DPN omitted..... 8.6 3.0 7.6 3.0 3.6 2.4 
ADP omitted..... 0 0.9 0 2.3 0 3.4 
P; omitted........ 0.7 1.6 2.5 


tion of benzene (Table II). Such an augmentation of ATPase 
activity indicated that the mitochondrial enzymes that hydrolyze 
ATP were as effective after storage as they were in freshly iso- 
lated preparations, and thus the diminished response to uncou- 
pling agents is not to be ascribed to inactivation of the phospha- 
tases during storage. 

Although the latency response after 48 hours was feeble with 
both pentachlorophenol and dinitrophenol, these agents never- 
theless were completely effective in uncoupling phosphorylation 
from oxidation in the stored preparations. These experiments 
provide additional data which suggest that the direct accelera- 
tion of ATP breakdown is not responsible for their uncoupling 
action (cf. 14). 

Requirements for Oxidation and Phosphorylatton—As seen in 
Table III, the omission of DPN from the assay medium had little 
effect upon the ability of stored mitochondria to catalyze either 
the oxidation of 8-hydroxybutyrate or the coupled phosphoryla- 
tion. On the other hand, the striking effect upon substrate oxi- 
dation of omitting P; or the P; acceptor, ADP, from the assay 
system found with the fresh preparations (cf. 15) became progres- 
sively less pronounced upon storage.‘ 

Bovine albumin has been reported to enhance the stability of 
oxidative phosphorylation in mitochondrial preparations from 
various tissues (3, 5, 16). The effect of albumin is illustrated in 
the data of Table IV. In mitochondria assayed immediately 
after isolation, albumin slightly enhanced both oxidation and 
phosphorylation, and in addition, prevented the uncoupling 
action of pentachlorophenol.' Preparations which displayed 
marked declines in phosphorylative activity, such as those held 
for 72 hours or longer, responded favorably to the presence of al- 
bumin in the assay medium (Table IV). Mitochondria stored 
undisturbed for 96 hours after their isolation and then assayed in 
the presence of albumin exhibited more than 50 per cent of their 
original activity. 

In our early experiments fluoride routinely was added to the 
assay medium. Later work showed that essentially the same re- 
sults could be obtained in its absence. 


* Independent tests revealed that only negligible amounts of 
inorganic orthophosphate were released from the mitochondria 
during storage. 

5 Albumin also prevents the inhibition of myosin ATPase by 
pentachlorophenol (17). 
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Ethylenediaminetetraacetate—The inclusion of EDTA in the gy. 
crose medium employed for the isolation of heart muscle mito. 
chondria (sarcosomes) has been shown to improve the phosphoryl. 
ative activities of these organelles (18). However, the data of 
Table V reveal that the effect of EDTA upon liver mitochondria 


TABLE IV 


Albumin and stability of oxidative phosphorylation 
Experimental conditions as given in Table I with 8-hydroxy-. 


butyrate as substrate. 


| 
Additions to assay medium | AP 
| pmoles pmoles 
Pentachlorophenol, 5 X 10-5 0 0 4.0 
Pentachlorophenol, 5 X 10-§ 


* 6 mg. of crystallized bovine plasma albumin (Armour Labo- 


ratories). 
t Undisturbed storage at 4°. 


TABLE V 
EDTA and stability of oxidative phosphorylation 


Oxidative phosphorylation was determined as described in 
Table I with 8-hydroxybutyrate as substrate. All sucrose-EDTA 
media were at pH 7.4. Mitochondrial concentrations were ad- 
justed immediately after isolation by measuring their turbidities 
at 520 my in the Beckman DU spectrophotometer or by the biuret 
reaction. This assured the use of equivalent amounts of mito- 
chondria in assays comparing sucrose and sucrose-EDTA prep- 


arations. 
Hours A | 
Isolation and storage media AP; P:0 
| tion tate 
| pmoles moles 
Experiment A 
Sucrose, 0.25 M 0 | 12.8 | 4.2 | 3.0 
Sucrose, 0.25 m + EDTA, 0.001 | 12.7 4.3 3.0 
Sucrose, 0.25 mM + EDTA, 0.005 m 0 | 11.3 | 4.1 | 2.8 
Sucrose, 0.25 Mm + EDTA, 0.01 m 0 6.7 | 2.6 | 2.6 
Sucrose, 0.25 Mm 72* | 10.6 4.5 2.4 
Sucrose, 0.25 m + EDTA, 0.001 m 72* | 13.2 | 5.1 | 2.6 
Sucrose, 0.25 m + EDTA, 0.005 72* | 5.9 | 4.0 | 1.5 
Sucrose, 0.25 mM + EDTA, 0.01 M 72* 0 1.6 
Experiment B 
Sucrose, 0.25 0 | 16.6 | 5.8 2.9 
Sucrose, 0.25 m + EDTA, 0.001 u O | 16.1 | 5.9 | 2.7 
Sucrose, 0.25 Mm 72* | 9.7 | 5.0 1.9 
Sucrose, 0.25 m + EDTA, 0.001 m 72* | 13.8 | 5.7 | 2.4 
Sucrose, 0.25 M 96* | 5.4 | 4.1 1.3 
Sucrose, 0.25 m + EDTA, 0.001 m 96* | 7.0 | 4.0/1.8 


* Undisturbed storage at 4°. 


| P:0 
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TaBLe VI 
Effect of EDTA in either isolation or storage media 


The assay medium for oxidative phosphorylation was the same as given in Table I with 8-hydroxybutyrate as substrate. ATPase 
activity was determined as described in Table II. Other conditions as in Table V. 
| | ATPase 
| Oxidative phosphorylation nin 
Isolation medium Storage medium ono | Control PCP* 
Experiment A | | 
Sucrose, 0.25 M _ Sucrose, 0.25 m | 0 15.9 4.8 3.3 0.2 3.3 
Sucrose, 0.25 m + EDTA, 0.01 M Sucrose, 0.25 m | { 0 10.2 4.4 2.3 1.3 3.9 
Sucrose, 0.25 M Sucrose, 0.25 m 24 13.3 4.8 2.8 1.3 3.2 
Sucrose, 0.25 m + EDTA, 0.01 m | Sucrose, 0.25 m » 24 9.0 4.6 2.0 1.8 2.5 
Sucrose, 0.25 M - Sucrose, 0.25 m 72 7.2 4.6 1.6 1.2 1.1 
Sucrose, 0.25 mM + EDTA, 0.01 | Sucrose, 0.25 7 0.65 | 3.3 | 0.2 | 1.8 | 1.8 
Experiment B 
Sucrose, 0.25 M Sucrose, 0.25 M | 0 12.1 4.4 2.8 0.1 2.5 
Sucrose, 0.25 Sucrose, 0.25 mM + EDTA, 0.01 M | 0 11.8 4.3 2.8 0.4 3.3 
Sucrose, 0.25 Sucrose, 0.25 24 10.2 4.2 2.4 0.7 1.1 
Sucrose, 0.25 M Sucrose, 0.25 m + EDTA, 0.01 24 10.2 4.4 2.3 1.0 1.4 
Sucrose, 0.25 M Sucrose, 0.25 M 72 | 4.0 3.7 3.3 0.9 0.9 
Sucrose, 0.25 M | Sucrose, 0.25 m + EDTA, 0.01 u | 72 3.9 3.7 1.1 1.5 1.5 


| 
| 


* Pentachlorophenol, 5 M. 


ismarkedlv dependent upon its concentration in the medium used 
for isolation. Indeed, EDTA in a low concentration (0.001 M) 
was beneficial, but higher concentrations (0.01 mM) were detri- 
mental.* This relationship between concentration and effect, 
while noticeable with freshly isolated mitochondria, became es- 
pecially evident in preparations which had been stored for 72 
hours. 

In the experiments just described, E DTA was present in the 
media used both for isolation and storage of the mitochondria. 
Other experiments (Table VI) showed that the presence of EDTA 
in the isolation medium rather than in the storage medium led 
tothe marked decrease in oxidative phosphorylation. Again, the 
effect was most pronounced after prolonged storage of the mito- 
chondrial suspensions. In addition, data in Table VI confirm 
similar observations (20) that mitochondria isolated or stored 
in 0.25 M sucrose containing 0.01 m EDTA, exhibit higher AT Pase 
activities than those isolated in sucrose alone. 

Freezing and Thawing or Preincubation—In view of the sta- 
bilitv exhibited by liver mitochondria isolated in this study, it was 
of interest to test the effect of such procedures as freezing and 
thawing and also preincubation in the absence of exogenous sub- 


’ Exploratory experiments were performed to ascertain whether 
the detrimental effects of EDTA in high concentrations are related 
to the loss of Mg**. The Mg** content of mitochondria was 
determined in perchloric acid extracts and ashed samples by the 
method of Orange and Rhein (19). Mitochondria isolated in 0.25 
M sucrose containing 0.01 mM EDTA had only one-fourth the amount 
of Mg** as those isolated in sucrose alone. However, factors other 
than the loss of Mg** may be involved in the action of EDTA, for 
mitochondria isolated in sucrose alone, and then stored in sucrose 
containing 0.01 m EDTA also revealed losses of Mg** although 
they retained considerable capacity for oxidative phosphoryla- 
tion (cf. Table VI). 


strate. In Table VII, Experiment A shows that mitochondria 
after such treatments retained considerable capacity for coupling 
phosphorylation to oxidation even after 24 hours of storage. 
Thus, in freshly isolated preparations, these deleterious manipu- 
lations reduced phosphorylation by only one-third, and upon 24 
hours of storage the preparations still retained more than half of 
their original activity. As anticipated, the ATPase activity also 
was increased under these conditions. Experiment B of Table 
VII illustrates in a striking manner the relationship with respect 
to the severity of pretreatment of these mitochondria and the 
stability of oxidative phosphorylation. 

Additional Observations—Such diverse factors as the endoge- 
nous activity of mitochondria, anaerobic storage, and the species 
and age of animals, also were explored for their possible effect on 
the stability of oxidative phosphorylation. With some prepara- 
tions a significant phosphate uptake in the absence of added sub- 
strate was observed. This uptake in fresh mitochondria, attrib- 
utable to the utilization of endogenous substrates, was as high as 
20 per cent of that found with added 8-hydroxybutyrate. The 
endogenous phosphorylation was completely abolished in the 
presence of 5 X 10-4 Mm dinitrophenol or 5 « 10-5 mM pentachloro- 
phenol. The endogenous activity necessitated suitable controls 
in every experiment. Such activity also may contribute to the 
observed stability by maintaining a supply of ATP which pre- 
sumably is necessary for the structural integrity of mitochondria. 
Other observations of endogenous activity in isolated mitochon- 
dria have been made by Chance and Williams (21). Although 
the nature of the endogenous substrate is unknown it may be 
pertinent to recall that appreciable quantities of bound citrate 
(22), as well as bound lipide, are found in isolated mitochondria. 

Mitochondria from fasted rats displayed similar endogenous 
activity and exhibited high stability of oxidative phosphoryla- 
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Stability of Oxidative Phosphorylation 


TABLE VII 
Effect of freezing and thawing or preincubation upon stability of ozidative phosphorylation 


Oxidative phosphorylation with 8-hydroxybutyrate as substrate, and ATPase activity were determined as described in Tables | 
and If. Mitochondrial preparations were frozen at —72° and thawed at 0°. Untreated mitochondria were held at 0° until freezing 
and thawing or preincubation at 37° were completed. 


Treatment 


Mitochondrial preparation 


Experiment A 
None 
Frozen and thawed 
Preincubated at 37° for 20 min. 
Frozen and thawed 
Preincubated at 37° for 20 min. 
Experiment B 
None 
Preincubated at 37° for 20 min. 
Preincubated at 37° for 30 min. 
Preincubated at 37° for 40 min. 
Preincubated at 37° for 60 min. 


Freshly isolated 
Freshly isolated 
Freshly isolated 


Stored for 24 hrs. 
Stored for 24 hrs. 


Freshly isolated 
Freshly isolated 
Freshly isolated 
Freshly isolated 
Freshly isolated 


FRESHLY ISOLATED 
STORED 24 HOURS 


MOUSE RABBIT HAMSTER GUINEA PIG 


RAT 
Fic. 2. Stability of oxidative phosphorylation in liver mito- 


chondria of various species. Mitochondria from all animals were 
isolated by the procedure used for rat liver. Oxidative phos- 
phorylation with 8-hydroxybutyrate as substrate was determined 
as described in Table I. 


tion. Likewise, no change in the stability of phosphorylation 
was observed in preparations that were stored anaerobically (un- 
der hydrogen) for 24 hours. 

When mitochondria isolated from certain species other than 
rat were examined, less stability was found (Fig. 2). This does 
not imply that isolated liver mitochondria from other species are 
inherently less stable. Rather, our experiments suggest that the 
procedures used here are particularly well suited for isolating 
mitochondria from rat liver. Two strains of rat other than 
Sprague-Dawley were tested also, the Osborne-Mendel and the 
Holtzman rat. No essential strain differences were detected. 
As described in detail elsewhere, mitochondria isolated from aged 
rats displayed less stability after prolonged storage (23). 


Changes During Storage 


Mitochondrial Swelling—The turbidity measurements summa- 
rized in Fig. 3 demonstrate that no significant swelling of the mi- 


Oxidative phosphorylation ATPase 
AP; A Acetoacetate) P:0 AP; 
pmoles pmoles umoles 
14.8 5.1 2.9 0.3 
9.1 6.3 1.4 1.9 
10.9 6.0 1.8 2.0 
after treatment 5.9 6.1 1.0 1.6 
after treatment 6.2 6.0 1.0 1.9 
14.9 5.0 3.0 
10.7 5.2 2.1 
8.9 5.5 1.6 
8.2 6.8 1.2 
3.3 7.3 0.4 
tochondria occurred during 72 hours of storage. Chilled ali- 


quots of the mitochondrial suspensions were removed at the hours 
indicated, added to buffered 0.25 m sucrose and the initial optical 
densities determined at 520 my. Incubation of these prepara- 
tions at room temperature for 10 minutes led to no additional 
increase in swelling of the fresh preparations and only minor in- 
creases in the swelling of suspensions that had been stored (cf. 10, 
24). 

Nucleotide Release—The effect of storage upon the release of 
acid-soluble material absorbing maximally at 260 my also is 
shown in Fig. 3. Most of this material remained in the mito- 
chondrial pellet of the fresh preparations but during storage there 
was progressive release from the mitochondria into the sucrose 


| 


TURBIDITY (520 mp) 
~ 0.8 
D PELLET (260 my) 

O.6 - 
a 
o 0.4 _ 
MEDIUM (260 mu) 

0.2 “ 

l 


24 48 72 
HOURS AFTER ISOLATION 


Fic. 3. The effect of storage upon the swelling and loss of 
nucleotides from liver mitochondria. The medium for turbidity 
studies contained 120 umoles of glycylglycine buffer, pH 7.4, 0.2 
ml. (0.4 mg. N, average) of mitochondria and sufficient 0.25 ™ 
sucrose to make a total volume of 3.0 ml. Nucleotide release was 
determined by the procedure of Siekevitz and Potter (25). All 
measurements were made in a Beckman model DU spectrophotom- 
eter at room temperature. 
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medium. At the end of 72 hours this loss amounted to approxi- 
mately one-half of the original intramitochondrial content. Our 
experiments show that these compounds, identified as nucelotides 
(25), were released from the mitochondria in the absence of any 
corresponding increase in mitochondrial swelling during the pro- 
longed storage. 

P;-ATP Exchange—Since the original observation of Boyer et 


al. (26) that intact mitochondria catalyze a rapid exchange be- 


tween orthophosphate and ATP, this reaction has been the sub- 
ject of much investigation in an attempt to define its role in oxi- 
dative phosphorylation (11, 27-30). It was of interest, therefore, 
to examine the stability of the exchange reaction in these mito- 
chondria since they retain appreciable capacity for oxidative 
phosphorylation after storage. 

In the six experiments summarized in Fig. 4, oxidative phos- 
phorylation and the exchange reaction were determined with 
aliquots from the same mitochondrial preparations under similar 
experimental conditions. The same concentrations of Mgt+ and 
F- used in the determination of oxidative phosphorylation were 
included in the medium of the exchange experiments, although 
omission of these ions did not alter the rate of the exchange. With 
freshly isolated mitochondria, the ATP was found to contain, 
on the average, 33 per cent of the radioactivity added as PO, 
after 10 minutes of incubation at 30°. 

It is seen in Fig. 4, that storage of mitochondria caused loss of 
ability to catalyze the Pj-ATP exchange as well as the oxida- 
tion-coupled phosphorylation of ADP. Although the extent of 
this loss was approximately the same with both activities after 24 
hours, thereafter pronounced differences became evident. After 
48 hours, the activity of the exchange reaction decreased to a 
much smaller fraction of its original activity than did oxidative 
phosphorylation. 

In other experiments not shown, the stability of the exchang 
reaction was tested with mitochondria isolated in 0.25 M sucros 


20 


O 
O 24 48 72 


HOURS AFTER ISOLATION 


Fic. 4. The effect of mitochondrial storage upon oxidative 
phosphorylation and the P\-ATP exchange reaction. Oxidative 
phosphorylation with B-hydroxybutyrate as substrate was deter- 
mined as described in Table I. The medium for the exchange 


PER CENT OF ORIGINAL ACTIVITY 


reaction contained in 1 ml., 40 wmoles of glycylglycine buffer, pH 
7.4; 6 pmoles of ATP; 6 umoles of potassium phosphate labeled 
with P®? (initially, 100,000 e.p.m.); 5 wmoles of MgCl.; 15 wmoles 
of KF; and 0.2 ml. (0.4 mg. N, average) of mitochondria; final 
pH 6.9. The exchange reaction was terminated after 10 minutes 
by the addition of 0.1 ml. of 25 per cent perchloric acid. Tempera- 
ture, 30°. 
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containing 0.01 mM EDTA. There were negligible differences in 
the rate of exchange with fresh preparations, but after 24 hours, 
the mitochondria prepared in sucrose media containing 0.01 m 
EDTA were considerably less effective in catalyzing the reaction. 
Although less stability of oxidative phosphorylation also was 
found with mitochondria isolated in sucrose-0.01 m EDTA (Ta- 
bles V and VI), these experiments provide additional evidence 
that the P;-ATP exchange is considerably less stable in stored 
preparations than is oxidative phosphorylation. 


DISCUSSION 


In contrast to the experience of other investigators that pro- 
longed storage of liver mitochondria at low temperatures (0—4°) 
leads to a major loss of their phosphorylative ability, this paper 
offers cogent evidence that the capacity for oxidative phosphoryl- 
ation can be demonstrated in isolated mitochondria under condi- 
tions generally thought to be detrimental. Such conditions in- 
clude prolonged storage at low temperature in the absence of 
stabilizing agents (Fig. 1, Table 1), freezing and thawing, or pre- 
incubation in absence of exogenous substrate (Table VII). Some 
unusual biochemical properties of the mitochondria isolated dur- 
ing these studies are (a) the ability of stored preparations to cata- 
lyze oxidative phosphorylation at a substantial fraction of their 
initial activity and the lack of a similar stability toward the 
P;-ATP exchange (Fig. 4); (6) their significant endogenous phos- 
phorylative activity; (c) their behavior in the presence of ethyl- 
enediaminetetraacetate (Tables V and VI), and (d) the absence 
of increased mitochondrial swelling after prolonged storage 
(Fig. 3). 

Despite much effort made to determine the factor(s) respon- 
sible for the stability of these preparations no ready explanation 
has been found. Although the technique for isolating the mito- 
chondria does not substantially differ from those procedures gen- 
erally employed (6), the reason for their exceptional stability may 
not reside in any single factor, but rather in the rigorous attention 
given to the minutiae of the technique. 

To promote mitochondrial “aging’” in stability studies, prein- 
cubation of mitochondrial suspensions at 37° for short intervals 
is the procedure frequently employed. However, such proce- 
dures usually lead to almost complete loss of phosphorylating 
capacity in the absence of added protective factors. In contrast, 
mitochondria isolated in these studies and stored at 4° for 24 
hours retained almost full capacity for coupled phosphorylation. 
Furthermore, there is other evidence that the two types of pre- 
treatment are not identical in their effects upon mitochondrial 
stability. Mitochondria after prolonged storage at 4° exhibited 
no significant change in their rate of B-hydroxybutyrate oxidation 
(Table 1), while the rate of oxidation of this substrate was defi- 
nitely enhanced in preparations which had been preincubated at 
37° (Table VI). 

The inclusion of albumin in the assay medium was partially ef- 
fective in restoring the loss in phosphorylation observed with 
stored mitochondria (Table IV). It has been postulated by Polis 
and Shmukler (5) that albumin combines with mitochrome, a 
substance reported to be elaborated from stored mitochondria 
and inhibitory to oxidative phosphorylation. However, the ad- 
dition to freshly isolated mitochondria of the supernatant frac- 
tion from our mitochondrial preparations, held 72 hours or longer, 

7 We prefer to reserve the term ‘‘aging”’ to designate true phys- 


iological aging, and not storage or preincubation of isolated 
mitochondria. 
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had little effect upon either oxidation or coupled phosphoryla- 
tion. This suggests that such an inhibitor was not released dur- 
ing prolonged storage of these preparations. Therefore the bene- 
ficial effects of albumin observed here apparently reside with 
other factors. 

The data summarized in Fig. 4 direct attention toward an in- 
teresting aspect of oxidative phosphorylation; 7.e. the differential 
stabilities of the over-all process of oxidative phosphorylation and 
the P;-ATP exchange reaction. A possible explanation of this 
difference in stability may reside in the relative rates of the two 
processes. As pointed out by Cooper and Lehninger (11), the 
P;-ATP exchange proceeds at a considerably greater rate than 
the P; uptake during oxidation of 6-hydroxybutyrate in intact 
mitochondria. Therefore, the marked loss in activity of the ex- 
change reaction in the stored preparations would not necessarily 
affect the net oxidation-coupled phosphorylation of ADP, a proc- 
ess which presumably is limited by a slower but more stable re- 
action sequence. 


SUMMARY 


1. A study is described of some of the factors that affect the 
stability of oxidative phosphorylation in isolated rat liver mito- 
chondria. 

2. Mitochondria, isolated with meticulous care from rat liver 
by differentia] centrifugation in 0.25 mM sucrose, retained their 
capacity for coupling phosphorylation to the oxidation of B-hy- 
droxybutyrate and other substrates after prolonged storage at 4°. 
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3. The effect observed when ethylenediaminetetraacetate was 
included in the isolation medium was markedly dependent upon 
its concentration. Low concentrations (0.001 m) enhanced the 
stability of oxidative phosphorylation but a concentration of 0.0] 
M was detrimental. 

4. Freezing and thawing, or preincubation of 0.25 m sucrose 
suspensions of mitochondria at 37°, accelerated the declines in 
oxidative phosphorylation exhibited in the stored preparations, 
After 24 hours of storage at 4° the pretreated preparations re- 
tained more than half of their original activity, while the un- 
treated suspensions were almost fully active. 

5. Mitochondria, after prolonged storage at 4°, undergo slow 
changes in their biochemical properties indicative of mitochon- 
drial disorganization. Among these changes are an acceleration 
of adenosine triphosphatase activity, progressive oxidative ca- 
pacity for added substrate along a nonphosphorylative pathway, 
and loss of intramitochondrial nucleotides. 

6. The inorganic orthophosphate-adenosine triphosphate ex- 
change reaction was much less stable in stored mitochondria than 
oxidative phosphorylation. 
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Photochemical Determinations of the Oxidases of Bacteria* 
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A previous paper (1) described a platinum microelectrode 
method for determining photochemical action spectra of cellular 
respiration inhibited by carbon monoxide. The results con- 
firmed the suggestion (2) that the action spectra of the classic 
experiments by the Warburg group (3, 4) demonstrate oxidase 
activity for two cytochrome pigments; cytochrome az; in yeast 
and cytochrome a, in Acetobacter pasteurtanum. In certain other 
bacteria neither of these oxidases were detected, but rather a 
third ‘““‘CO-binding pigment” which we now propose to call 
cytochrome o (see ‘“Discussion’’). 

This paper supplements the previous results for yeast, mam- 
malian cells, and three kinds of bacteria with those for seven 
additional bacterial strains. These demonstrate activity of the 
three oxidases previously discussed and also that of a fourth 
pigment, cytochrome az. Thus several types of hemoproteins, 
with different prosthetic groups, are shown to act as terminal 
respiratory enzymes. Evidently this property is not critically 
dependent upon the configuration of the prosthetic group. 


EXPERIMENTAL 


Materials—Smith (5) has described the origin, method of 
growth, media of suspension, and cytochrome content of the 
strains of Bacillus subtilis, Sarcina lutea, Escherichia coli (B 
strain), and Proteus vulgaris used here. A strain of Aerobacter 
aerogenes, kindly supplied by Dr. D. J. O’Kane, was grown in 
aerated nutrient broth as modified by Tissiéres (6) and suspended 
in a buffered salt solution containing lactate as added substrate. 
Its reduced minus oxidized difference spectrum! showed cy- 
tochrome pigments typical of A. aerogenes (5). Acetobacter 
perorydans was a strain from the laboratory of Dr. D. Keilin. 
It was grown in a medium devised by Chin (7) and described as 
“special yeast extract medium” by Smith (5). It was suspended 
in 0.1 m acetate buffer, pH 5.5, plus 0.5 per cent ethanol. A zoto- 
bacter vinelandii! was grown aerobically in the medium of Meyer- 
hoff and Burk (8), and the cells were centrifuged and suspended 
in an appropriate amount of supernatant growth medium. The 
other bacteria were concentrated by centrifugation and the 
supernatant fluid replaced by suspension medium, but otherwise 
they were not washed. Bakers’ yeast (National Yeast Corpora- 
tion) was starved by continuous aeration and suspended in 
dilute sodium chloride with 1 per cent ethanol added as sub- 
strate. 

Determinations were made for EF. coli, P. vulgaris, and A. 
aerogenes in two stages of growth. ‘‘Log phase” cells were 


* Supported in part by a grant from the National Science Foun- 
dation. 

1 Dr. T. G. G. Wilson kindly ran difference spectra on A. aero- 
genes and also cultured the A. vinelandit. 
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harvested from liquid suspension or agar plates when prolifera- 
tion was far from completed, as determined by visual inspection 
of turbidity. ‘Stationary phase’ cells were from 20-hour or 
longer cultures of high turbidity. Correlation of action spectra 
with precisely determined parts of the growth curve was not 
attempted. 

Methods—The technique for determining photochemical action 
spectra is diagrammed in Fig. 1. A suspension of respiring cells 
in appropriate buffered medium is inserted in the form of a drop 
at the tip of the platinum electrode. The electric current flowing 
between the platinum and silver-silver chloride electrodes de- 
pends upon the amount of oxygen available for reduction at the 
platinum surface. This amount, in turn, is controlled by the 
opposing processes of'respiration and diffusion of oxygen from 
the surface of the drop: Thus changes in respiration are detected 
as changes in current. 

When CO is present in addition to the oxygen, the respiration 
is sensitive to light, this sensitivity being greatest at wave lengths 
where the compound formed by the oxidase with CO absorbs 
most strongly. The optical system permits a rapid change in 
the illumination of the cells from monochromatic light to a 
reference light, the intensity of which can be varied until no 
change in electrode current is observed on switching between 
the two illuminations. An action spectrum of the photochemical 
effect can be determined from the ratios of reference to mono- 
chromatic intensities at a series of wave lengths. This is a null 
method, which is independent of changes in respiration or elec- 
trode current due to temperature, sedimentation, change in 
physiological conditions, and so on. 

The ratio? of oxygen to CO in the drop of respiring cells varies 
from about 1:4 at the surface of the drop to at least 1:40 close 
to the platinum surface, as measured by the electrode current 
compared to that in the absence of cells. Thus the sum of 
photochemical effects over a wide range of ratios of the gases 
are represented in the measurement. The heating effect of the 
light has a negligible effect under most experimental conditions. 
The monochromator band width can usually be made suaffi- 
ciently narrow (4 my or less) to give sharp action spectra bands, 
although this has not been possible for one spectrum (A. vine- 
landii) presented in this paper. Details of this apparatus have 
been given previously (9, 1). 

For all bacteria except A. aerogenes, point-by-point determina- 
tions of action spectra were made as described above. For A. 
aerogenes the electrode current tended to drift rapidly, and the 
point-by-point method was replaced by the quicker procedure 
of recording the electrode current while varying the monochro- 


2 Q,:CO ratios and partition constants used in this paper refer 
to the partial pressures of the gases. 
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Glass window 


Reference light 
(Variable intensity) 


| Monochromator | 


Fic. 1. Schematic representation of action spectrum apparatus. 
The platinum electrode is a length of 0.008 inch platinum wire 
sealed in 35 inch glass tubing. 


mator wave length setting. This “sweep spectrum” method 
detects sharp bands of a spectrum with an accuracy of about 1 
my, provided a correction of from zero to 2 my is made for 
systematic error introduced by the variation of light intensity 
with wave length. 

To study the inhibition and the action of light at a series of 
specific O2:CO ratios, the action spectra were supplemented with 
direct measurements of respiration (10) with the use of an elec- 
trode set up as in Fig. 2. A suspension of bacteria was bubbled 
with an appropriate gas mixture, usually 1 part oxygen and 4 
parts CO by volume. At the time indicated by the arrow (Fig. 
3) the bubbling was stopped and the subsequent course of the 
amplified electrode current recorded. These data were replotted 
on straight coordinate paper and corrected for the initial surge 
of current characteristic of polarographic measurements with a 
stationary electrode. The rates of respiration at various ratios 
of O.:CO relative to the rate in air were determined from the 
slopes of the current versus time curves. 

Illumination for the apparatus of Fig. 2 was from either a 100- 
watt or a 300-watt, fan-ventilated projection lamp, placed 5 cm. 
or more from the center of the cell suspension. Despite the 
water cooling, the radiation of these lamps at the 5 cm. distance 
raised the temperature of the cell suspension by approximately 
3 and 6°, respectively, above that in the dark. To cancel the 
resultant thermal effect on the respiration, determinations at 
high light intensity were compared with dark determinations 
made with the visible radiation of the lamp filtered out by a 
Wratten No. 88A infrared-transmitting filter. 

Action Spectra—Bands of all the action spectra which have 
been determined in this and the previous paper (1) are sum- 
marized in Table I. B. subtilis (Fig. 4) and S. lutea have action 
spectra bands similar to those of yeast. From their Soret bands 
at 430 and 431 my, and absorption spectra evidence (11, 5, 12) of 
the presence of cytochrome a;, we identify cytochrome a; as the 
active oxidase. On the other hand, A. perorydans has been 
shown to contain cytochrome a, (7), and the oxidase activity of 
this pigment is confirmed by the action spectrum, particularly 
by the y band at 427 my (Table 1). The distinction between 
cevtochromes a3 and a; is considered further in ‘‘Discussion.”’ 

Action spectra of FE. coli and P. vulgaris are plotted in Fig. 5. 
The amount of light required by these bacteria for a given change 
in electrode current is from 10 to 50 or more times that required 
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by yeast or Acetobacter. Consequently, these curves do not 
exhibit the 1 to 2 per cent accuracy possible with the latter 
organisms, even though a wider monochromator band width 
(4 mu) was used. Although consecutively determined points 
fall close to a smooth curve, efforts to return later to a given wave 
length showed a reproducibility of about +5 per cent. (Note 
the scatter of points at 550 my for E. coli in Fig. 5.) The spec- 
trum of A. aerogenes, for which only significant features were 
determined (see ‘‘Methods’’), has peaks, listed in Fable I, which 
are similar to those of EF. coli and P. vulgaris. Just as for the 
latter two, only stationary phase A. aerogenes has the band at 
637 my (€637 /€s50 = 0.34). 

The action spectra bands at about 416, 535, and 566 my for 
these three bacteria indicate that most of the light sensitivity 
is due to cytochrome 0. However, in stationary phase, but not 
in log phase, there is relief of CO inhibition by light in the region 
of 637 muy, characteristic of absorption by the CO compound of 
cytochrome az (13, 14). In stationary phase P. vulgaris, barely 
perceptible shoulders at 430 and 590 my show some activity of 


cytochrome a;, but these are not detected in E. colt. In A. 
CO +0, —C0 + 0, 

Glass cylinder 

Cooling water 
Filter 
Ag 
Pt 
Cell suspension 

100 or 300 W 

Lamp + Cooling water 


Fia. 2. Cross-section of water-cooled apparatus for determining 
curves of oxygen concentration versus time in an illuminated cell 
suspension. Ag, silver electrode; Pt, platinum electrode. Heat 
from the lamp is also dissipated by an electric fan (not shown). 
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Fic. 3. Original recorder charts of electrode current versus time, 
for experiment from which Fig. 7B was plotted. Full vertical 
scale, 10-7 ampere; horizontal scale, 1 division equals 1 minute. 
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TABLE I 
Photochemical data determined to date 
Organism Action spectrum bands Oxidases demonstrated P ae in Light sensitivity, L* 
A. pasteurianumt 428 548 592 ay; 
A. peroxydans 427 548 591 ay; 
M. pyogenes, var. albust 418 537 567 oO 
A. suboxydansf 417 535 567 Oo 
E. coli, log phase 416 535 567 o 3 9 
E. coli, stationary phase 416 535 567 637 0, a2 17 1.1 
P. vulgaris, log phase 416 535 566 Oo 
P. vulgaris, stationary phase 416 432f 535 566 591f 636 0, Qi, Ae 
A. aerogenes, log phase 417 537 567 0 9 1.2 
A. aerogenes, stationary phase 417 537 567 637 0, az 6 0.4 
A. vinelandii 415-4385 ? ~550 567 585§ 0, a 
B. subtilis 430 547 590 a3 
S. lutea 431 550 592 a3 
Bakers’ veastT 432 550 591 a3 11 30 
Mouse ascites tumortT 430 549 589 a; 
Pig heart musclef ~430 ? a: 


* We define these criteria similarly to Warburg (3), although the theoretical significance which can be developed for a single terminal 


enzyme would not hold for a combination of two or more. 


Partition constant: the ratio of CO:QOs¢ (i.e. the reciprocal of the abscissae of Fig. 7) when 50 per cent of the respiration is inhibited. 


Light sensitivity: 


Kyl 


where K, = partition constant in light. Kp = partition constant in dark. L = light intensity (unit is intensity of 100-watt lamp 
at 10cm.) Temperature for partition constant and light sensitivity measurements, 15°. 


+t From previous paper (1). 
t Very small shoulder superposed on another band. 


§ Displacement from 590 my probably due to overlapping of bands. 


B. subtilis | 


Fig. 4. Action spectrum of B. subtilis. Monochromator band 


width, 4 mu. 


aerogenes, experimental error masked any small shoulder, but 
there was certainly no large contribution by cytochrome a. 
Although the sensitivity to light of A. vinelandii compared 
favorably with the bacteria of Fig. 5, the electrode current was 
irregular, necessitating a widening of the monochromator en- 
trance slit to give increased light intensity with a band width of 
13 mu. The heat content of this illumination was sufficient to 
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Fic. 5. Action spectra of P. vulgaris (upper scale) and E. coli 
(lower scale). Monochromator band width, 4 mz. 


affect the respiration, and no valid comparison of widely sepa- 
rated wave lengths could be made. However, the action spec- 
trum (Fig. 6) is an especially interesting one, noteworthy for the 
almost equal contribution of cytochrome o and cytochrome a. 
Two other determinations in this wave length region confirm 
Fig. 6, except for small variations in relative heights of the peaks. 
In the Soret region (not shown), a broad peak is centered at 
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A vinelondii 


590 

Fic. 6. Action spectrum of A. vinelandii (550-620 mu). The 
point at 567.5 is not confirmed by other determinations of this 
spectrum, and is apparently an error. Some of the sharpness of 
the bands is suppressed by the wide monochromator band width 


(13 my). 


610 


approximately 425 my, as would be expected for a combination 
of two spectral bands measured by an instrument of wide band 
width. Beyond 620 muy, the photochemical effect on respiration 
is less than the heating effect, so that the contribution of cyto- 
chrome a2 under these culture conditions must be either absent 
or small. These results are for A. vinelandii harvested from 
dense cultures; no light sensitivity was detected in early log 
phase. 

Capacity of Light-sensitive Pigments to Support Respiration— 
The amount of light required for a given degree of reversal of 
CO inhibition of respiration varies greatly in different organisms 
and in different growth stages of the same organism. This was 
evident from the changes in electrode current observed during 
action spectra determinations, although the action spectrum 
apparatus is capable of only very rough comparisons of light 
sensitivity in different drops of respiring cells. In particular, 
those bacteria containing cytochrome az have tended to be 
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relatively insensitive to light. The question arises as to whether 
other oxidases, not inhibited by CO or the inhibition not reversed 
by light, might be present and responsible for catalyzing a major 
part of the respiration in these bacteria. 

To answer this question, a study was made of what fraction of 
the respiration could be controlled by CO and light, with the use 
of the apparatus of Fig. 2. Results for the two growth stages 
of E. coli are shown in the first two parts of Fig. 7. Both types 
of cells, after bubbling with air, have respiration rates which are 
constant down to negligibly low concentration of oxygen (curves 
not shown). When CO competes with oxygen, the respiration 
is dependent on the ratio O2:CO as shown in Fig. 7. Sensitivity 
to light is apparent from the decreased O2:CO ratio required, 
when the cells are illuminated, for a given degree of inhibition. 
We conclude that practically all of the respiration of EZ. coli can 
be inhibited by CO. Furthermore, enzymes which are inhibited 
in a photochemically reversible manner catalyze the major part 
of the respiration. Similar results were obtained for A. aerogenes, 
although the CO-inhibited respiration of these bacteria was even 
less sensitive to light than that of E. colt. 

The above data are given numerical expression in the last two 
columns of Table I, together with measurements for bakers’ yeast 
as a comparison. The CO inhibition can be measured quantita- 
tively by the dark partition constant. Light sensitivity, for the 
particular distribution of wave lengths from the lamp used, is 
measured by an empirical formula based on the change in parti- 
tion constant between light and dark. These two criteria are 
defined in the footnotes to the table. Among the particular 
organisms and conditions of growth studied, a 6-fold variation 
in partition constant and a 75-fold variation in light sensitivity 
are apparent. 

When two or more oxidases are present, the question arises as 
to whether either oxidase can catalyze all the respiration, or 
whether each represents a pathway which is necessary for a 
given part of the respiration. Fig. 7C shows an experiment 
designed to study this question in stationary phase E. coli, 
which were chosen because their action spectrum contains cyto- 
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Fig. 7A and B, CO inhibition in light and dark, of respiration of log phase and stationary phase E.coli. All curves are in pres- 


ence of a 100-watt lamp, 5 cm. from center of suspension. 


Light, no fiiter; dark, Wratten 88A filter. 


C, CO inhibition of E. colt 


respiration with illumination confined to individual bands of the spectrum of Fig. 5.300-watt lamp, 5 cm. from center of suspension. 
Blue filter confines absorption of quanta to Soret band of cytochrome 0; red filter confines absorption to cytochrome az. Dark, 


Wratten 88A filter. 


Two successive determinations are shown for each filter. 
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chromes az and o, but it is not complicated by cytochrome a. 
Appropriate filters were chosen so that the cells could be illumi- 
nated with light which would be absorbed by one pigment only.’ 
The results in Fig. 7C suggest, at a ratio of O.:CO of 0.05, for 
example, that light absorbed by either pigment can relieve almost 
all the inhibition. Thus either pigment appears to be capable 
of catalyzing most of the respiration. 


DISCUSSION 


Cytochrome o—The “CO-binding pigment” which was first 
observed spectrophotometrically in M. pyogenes var. albus (2, 15) 
was later found also in A. suboxydans.4 The spectrum of its CO 
compound could just be discerned in E. coli and P. vulgaris, in 
which cytochromes a; and az were readily demonstrable (2, 5). 
In action spectra determinations, this pigment was the only 
detectable oxidase in M. pyogenes var. albus and A. suborydans 
(1). Our present experiments indicate that the pigment is also 
the only oxidase detectable in the action spectrum of log phase 
E. coli, P. vulgaris, and A. aerogenes, and that it is prominent in 
the action spectrum of these bacteria in stationary phase and 
also in stationary phase A. vinelandii. 

The Soret absorption band of the reduced pigment is in the 
region characteristic of cytochromes of type 6, as shown by 
decreased absorption at about 432 my upon the addition of CO 
to anaerobic cells (2). However, other evidence weighs against 
its being of type b. The reduced pigment does not have a sharp 
absorption band in the region of 562 my. Chemical analysis of 
A. suboxydans extracts indicates that protohemin, which is 
usually considered to be the prosthetic group of b-type cyto- 
chromes, is not present.‘ Furthermore, no b-type cytochrome 
is known to form a compound with CO, nor to act as a terminal 
oxidase in CQO-inhibited respiration. In view of our inability 
to classify this pigment in any of the typical cytochrome groups, 
we here designate it cytochrome o. 

The evidence is not complete as to whether or not cytochrome 
o can be closely identified with Rhodospirillum heme protein, a 
pigment in Rhodospirillum rubrum and other photosynthetic 
bacteria which has been studied by Vernon and Kamen (16, 17). 
This has similar spectroscopic characteristics upon the addition 
of CO (18) and could possibly be a terminal oxidase (19).  Al- 
though this pigment was originally described on the basis of its 
spectroscopic properties as a ‘“pseudohemoglobin” (16), a de- 
tailed examination of its chemical properties suggested that the 
nature and linkage of its prosthetic group corresponds to an 
autoxidizable variant of that of cytochrome c (19). 

Cytochrome ay—Changes in the spectrum of cytochrome a2 upon 
the attainment of anaerobiosis and in the presence of inhibitors 
suggest an oxidase function for this pigment (6). However, other 
evidence has appeared to weigh against such a conclusion. Thus, 
the CO-inhibited respiration of bacteria containing this pigment 
has frequently been reported to be irreversible by the intensities 
of light available (20-22), although Fujita and Kodama (21) 


’ The filters were Wratten No. 47, which transmits in the region 
385 to 540 mu and in the infrared, and Wratten No. 29, which trans- 
mits wave lengths higher than 610 mu. Absorption of the cyto- 
chrome a2-CO compound in the region below 540 mu was assumed 
to be negligible. An integration of action spectrum, estimated 
quantum intensity of the lamp output, and filter transmission over 
the appropriate wave length region indicated that 97 per cent of 
the photochemical effect of the light passed by No. 29 filter can be 
attributed to the band at 637 mu. 

‘Dr. Lucile Smith, unpublished experiments. 
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reported definite reversibility for B. coli communis. In metal- 
deficient A. aerogenes (6) and in the early growth stages of E. 
colt (23) cytochrome az is not detected, although considerable 
oxygen uptake can be demonstrated. Unlike the other cyto- 
chrome pigments, cytochrome az has little or no absorption in 
the Soret region (2). Also it almost always has been found 
accompanied by cytochrome a;, a known oxidase (14, 24). Thus 
there has been good reason to suspect that cytochrome a; might 
have some other function. 

The above evidence, however, is not inconsistent with the view 
that cytochrome az is one of two or more oxidases which are 
present in the same organism. Our present results strongly favor 
the conclusion that cytochrome a; is a true oxidase, and that it is 
capable of catalyzing a large part of the respiration in the bac- 
teria in which it is found (Figs. 5 and 7C). However, the oxidase 
activity of this pigment has appeared only in stationary phase 
in the strains we have studied, a finding which is possibly related 
to changes in oxygen concentration during growth of the cultures 
(25). Furthermore, this activity, when present, is only in addi- 
tion to that of cytochrome o. 

Those bacteria containing cytochrome a, which we have 
studied have a relatively small light sensitivity. In a respiratory 
system containing a multiplicity of oxidases, we should expect 
the degree to which each is inhibited to depend on its individual 
affinity for CO. Other conditions being equal, the oxidase with 
the least sensitivity to CO (highest partition constant) would 
predominate in catalyzing respiration in the presence of CO, 
even though this might not be true in its absence. Thus, in 
Fig. 7B we could speculate that for respiration inhibited by CO, 
cytochrome az activity predominates, and that the light sensi- 
tivity of the cytochrome a2-CO system is relatively small. Cyto- 
chrome o would be assumed to be strongly inhibited, so that 
reversal of the inhibition would require light of higher intensity 
than the same pigment requires in log phase cells. The parti- 
tion constant data for EF. coli in Table I appear to support this 
speculation, but the data for A. aerogenes do not. However, in 
view of the many variables which could conceivably affect a 
partition constant, comparisons between log phase and stationary 
phase cells probably have little theoretical significance. 

We have not found the bands of cytochrome az in the action 
spectra of A. peroxydans or A. vinelandii, although Dr. Lucile 
Smith,‘ working in this laboratory and using the same strains, 
detected cytochrome az in these bacteria by means of the absorp- 
tion bands of both the reduced minus oxidized and CO com- 
pounds. Cytochrome a, in A. perorydans was previously re- 
ported by Chin (7). Relative heights of bands in action spectra 
which show more than one pigment would be expected to be 
determined by several factors, including the extinction coefficient, 
efficiency .of the photochemical reaction, dark decomposition 
constant of the enzyme-CO complex (3), and, as we have dis- 
cussed above, relative affinity of the oxidases for CO and oxygen. 
Hence relative heights of the bands could bear little relationship 
to relative oxidase activity, and our inability to detect cyto- 
chrome a2 in A. perorydans and A. vinelandii is not proof that 
the pigment is not a significant oxidase in these organisms. 

Cytochromes a, and as—These oxidases both have action spectra 
bands in the same region of the spectrum (Table I and Fig. 7 of 
(1)). Our distinction between them depends primarily on ob- 
servations of absorption spectra. Cytochrome a, in its reduced 
form has an a-absorption band at approximately 589 my, and 
the absorption spectra of the anaerobic organism (e.g. A. pas- 
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teurtanum) shows no other pigments with bands in this region 
(26, 14, 5). The reduced form of cytochrom a3, on the other 
hand, absorbs at about 605 my, where it is overlapped by the 
a-band of cytochrome a (27, 28). Cytochrome a; has not yet 
been found except in organisms which also contain cytochrome a. 
This nomenclature must be viewed as somewhat arbitrary. It 
does not imply chemical identity of enzymes of the same name 
in different organisms. 

This distinction between cytochromes a; and a3 having been 
made, some significance can probably be attributed to a small 
difference in the y-bands of the action spectra, that of cyto- 
chrome a; being at 427 to 428 my, compared to that of cyto- 
chrome a; at 430 to 432 my. This difference is also evident from 
photochemical dissociation spectra of the CO compounds, from 
which can also be deduced a small difference in the y-bands of 
the reduced pigments (2). The CO compounds of both pigments 
have a-absorption bands at about 591 my, as shown by both 
absorption spectra (26, 12) and action spectra. 

With the use of the above criteria, we have found oxidase 
activity for cytochrome a; in B. subtilis (11, 5, 12)5 and S. lutea 
(5) and for cytochrome a, in A. pasteurtianum (26, 14, 5) A. 
peroxydans (7), and A. vinelandii (21). In the latter organism, 
the activity of cytochrome a, is in addition to that of cytochrome 
o. In P. vulgaris (5) cytochrome a, activity is barely perceptible, 
and only in stationary phase cells. In E. coli it is not detected 
in the experiments of this paper, although its absorption spectrum 
has been demonstrated (21, 5). The remarks made above for 
cytochrome dz apply as well to cytochrome a,, and we cannot 
draw conclusions about relative oxidase activity from relative 
heights of action spectra bands, or from the absence of such 
bands. 

Alternative Interpretations of Multipigment Action Spectra— 
Although the most straightforward interpretation of action 
spectra with bands of more than one pigment is that each pig- 
ment is a separate oxidase, there are possible alternative explana- 
tions. We could postulate that the additional pigment was at 
some place in the respiratory chain other than theend.' It would 
have to react with CO, however, and this in itself is unlikely, 
since CO usually competes with oxygen. Moreover, the respira- 
tion of log phase cells is accomplished without any such photo- 
sensitive pigment-CO compound being detected. 
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A second alternative explanation would be that light is ab- 
sorbed by one pigment (e.g. cytochrome az) and the energy 
transferred intermolecularly to dissociate the enzyme-CO com- 
plex of the actual oxidase (e.g. cytochrome 0). Such a trans- 
mission of energy must occur if the absorption of the protein 
moiety appears in an action spectrum. This has been demon- 
strated for yeast and A. pasteurtanum (4) and for CO-myoglobin 
(29), and has been explained as due to sensitized fluorescence (30). 
However, the energy absorbed by cytochrome az is at a longer 
wave length than any photochemically active absorption band of 
cytochrome o or cytochrome a, thus rendering a fluorescence 
explanation unlikely. Furthermore, as we have discussed above, 
the decreased light sensitivity of stationary phase E. coli and 
A. aerogenes compared to log phase suggests the appearance of 
another oxidase. Although we cannot rule out completely the 
possibility of intermolecular energy transfer, the most reasonable 
interpretation of the action spectra on the basis of our current 
knowledge is that cytochrome az is itself a true oxidase. 


SUMMARY 


On the basis of photochemical action spectra of respiration 
inhibited by carbon monoxide, four bacterial pigments are 
demonstrated to be terminal respiratory enzymes (oxidases): 
cytochromes a1, d2, a3, and a carbon monoxide-binding pigment 
here designated as cytochrome o. Bacteria showing cytochrome 
a, activity have cytochrome o in addition, and the cytochrome 
a, is not detected in early log phase. 

Wide variations occur in sensitivity of carbon monoxide- 
inhibited respiration to light, among different bacteria and differ- 
ent growth stages of the same bacteria. However, the pigments 
of the action spectrum catalyze all or most of the respiration, 
even in organisms of relatively low light sensitivity. 

In action spectra which demonstrate more than one pigment, 
no simple relationship exists between the oxidase activity of a 
pigment and the height of its bands in the spectrum. It follows 
that nonappearance of the bands of a given pigment does not 
preclude the possibility of its having oxidase activity. 
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The mechanism by which a chemical agent binds to proteins 
is of considerable interest, particularly since a large number of 
compounds with carcinogenic activity have been found to bind 
firmly to cellular proteins at the site of tumor formation. In- 
cluded in this category are the polyeyclic aromatic hydrocarbons 
(1), the aminoazo dyes (2), N-(2-fluorenyl)acetamide (3), and 
the nitrogen and the sulfur mustards (4). With the exception 
of the mustards, binding of these agents appears to depend on 
prior metabolism to as yet ill-defined metabolites. 

In the ease of AFA! the magnitude of binding to rat liver pro- 
teins in vitro paralleled the relative magnitude of hydroxylation 
(5). Since liver homogenates fortified with the cofactors re- 
quired for hydroxylation gave an appreciable value of protein- 
bound radioactivity when incubated with carbon 14-labeled AFA, 
whereas only low values were detectable with unfortified homogen- 
ates, it has been suggested that hydroxylation is prerequisite to 
protein binding (6). The protein-bound radioactivity was not 
removable by drastic means such as solution of the protein in di- 
lute sodium hydroxide followed by reprecipitation with acid, so 
that the binding referred to here is probably due to strong co- 
valent linkages. 

A likely reaction path leading ultimately to covalently bound 
carcinogen-protein derivatives is through the intermediate for- 
mation of a quinoneimine or an N-acyl quinoneimine (quinone- 
imide) (5). This pathway, which requires a further oxidation 
of the hydroxylated metabolites, is plausible from a considera- 
tion of the structures and reactivities of the oxidized intermedi- 
ates, but heretofore has lacked direct experimental support. The 
validity of this mechanism therefore required experimental proof 
that such quinonoid intermediates are indeed generated enzy- 
matically from the hydroxylated metabolites, and that these 
intermediates in turn bind to proteins. The present report pro- 
vides evidence that the cytochrome c - cytochrome oxidase sys- 
tem might perform these reactions in the cell, and that these 
oxidized products bind readily to bovine serum albumin in a 
model system in vitro. 


*Supported by grants from the National Cancer Institute, 
United States Public Health Service (C-2571), and the Minnesota 
Division of the American Cancer Society. 

! The abbreviations used are: AFA, N-(2-fluorenyl) acetamide; 
OFA, 2-amino-1-fluorenol; NQI, 2-amino-1,4-naphthoquinone-N 4- 
(1-hydroxy-2-naphthy])imine. 


EXPERIMENTAL 


Materials and Methods—Mitochondria from kidney and liver 
of Holtzman albino rats were isolated according to Hogeboom (7). 
Horse heart cytochrome ¢ was purchased from Sigma Chemical 
Company and standardized according to the conventional pro- 
cedure (8). Cytochrome oxidase from pig heart which yielded 
clear solutions was prepared according to Smith and Stotz (9) 
and assayed spectrophotometrically (10). The specific activity 
of the enzyme was 4.0 X 10-3 sec.-! ug. protein (2.5 « 10-2 
sec.~! yg. N~!) or 75 per cent of the Smith and Stotz preparation. 
Microsomal cytochrome was prepared according to Strittmatter 
and Ball (11). Catalase, obtained from Worthingto& Biochemi- 
cal Corporation, was assayed to have a specific activity of 1.58 x 
10° see.-! (12). N-(1-hydroxy-2-fluorenyl)acetamide, 1-fluo- 
renol, OFA (13), 2-amino-7-fluorenol (14), 2-amino-5-fluorenol 
(15), and 2-aminofluorene (16) were prepared by published pro- 
cedures. 3-Hydroxy-4-aminobiphenyl, m.p. 185-187°, was pre- 
pared by reduction of 3-hydroxy-4-nitrobiphenyl (17) with zine 
dust, ethanol and calcium chloride (16). The melting point of 
the 3-hydroxy-4-aminobipheny]! prepared by catalytic reduction 
of the nitro derivative was 185-186° (18). 1-Amino-2-naphthol, 
4-amino-|-naphthol, o-aminophenol, or their respective hydro- 
chlorides, and a-naphthol were commercial products which were 
recrystallized. 2-Amino-l-naphthol was prepared as its hydro- 
chloride by reduction of 2-nitroso-1-naphthol with aqueous etha- 
nolic sodium hydrosulfite, a procedure adapted from Fieser (19) 
for the reduction of 2 ,4-dinitro-1-naphthol, followed by reerystal- 
lization of the free aminonaphthol from hydrochloric acid. Ani- 
line was freshly distilled from zine dust. 1-Imino-1 ,2-naphtho- 
quinone was prepared by oxidation of 1l-amino-2-naphthol in 
ether with lead dioxide (20). Hydroxy--proline, crystalline 
bovine serum albumin, and glyeylglycine were obtained from 
Mann Research Laboratories and Nutritional Biochemicals Cor- 
poration. The albumin had a water content of 9.4 per cent and 
all calculations are based on a molecular weight of 69,000. NQI 
was prepared by oxidation of 2-amino-1-naphthol in methanolie 
triethylamine with oxygen. The air oxidation of 2-amino-1- 
naphthol in ammoniacal solution and the isolation of a blue 
product was first reported by Liebermann (21) who regarded the 
oxidized material as an o-quinoneimine (“imidoxynaphthalene’’). 
The probable structure was later assigned to this product by 
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Radt (22). There is, however, some doubt as to the purity of 
Liebermann’s product since the elemental analysis was unsatis- 
factory. Moreover, the presence of ammonia during the air 
oxidation may introduce side reactions involving addition of am- 
monia to the aromatic system (23). Even under the present 
conditions where the use of ammonia was avoided, the oxidation 
product was a mixture which required fractionation by column 
chromatography. 

To a solution of 1.98 gm. (5.0 mmoles) of 2-amino-1-naphthol 
hydrochloride in 10 ml. of absolute methanol were added 10 ml. 
of a 1 m solution of anhydrous triethylamine in ether. The mix- 
ture was thoroughly shaken and the triethylamine hydrochloride 
was precipitated by addition of 100 ml. of anhydrous ether. The 
precipitate was removed by filtration, washed with ether, and 
the combined filtrates concentrated to incipient dryness under 
reduced pressure. The residue was taken up in 125 ml. of abso- 
lute methanol, 0.70 ml. (5.0 mmoles) of anhydrous triethylamine 
was added, and oxygen saturated with methanol was passed into 
the solution for 3 hours. The dark violet solution which con- 
tained some dark violet precipitate was then concentrated to 
dryness under reduced pressure. Fractional crystallization of 
the residue from chloroform-petroleum ether (30—60°) gave amor- 
phous violet solids with variable melting points ranging from 
80-150° for different fractions. The combined solids were dis- 
solved in 25 ml. of chloroform and subjected to chromatography 
on a 1.7 X 27 cm. column of acid-washed, activated alumina. 
Development and elution with chloroform gave four distinct 
blue-violet bands, the boundaries of which were readily seen 
under an infrared lamp. The two lower bands were eluted sepa- 
rately and the eluates concentrated to approximately 15 ml. un- 
der reduced pressure. Addition of petroleum ether (30-60°) 
precipitated 0.34 and 0.13 gm. of violet solids from Fractions 1 
and 2. Bands 3 and 4 were tightly adsorbed and were not eluted. 
Fraction 1 when again subjected to chromatography as described 
above moved as a single band, the trailing end of which was dis- 
carded. Evaporation of the eluent followed by recrystallization 
of the residue from chloroform-petroleum ether gave 0.23 gm. of a 
dark violet solid, m.p. 180-184°; ACHS's 547 my («, 10,200), 

EtOH 944, 306, 540 mu (not sufficiently soluble in ethanol or 


Amax. 
methanol for calculation of e). 


CooH 


Calculated: C 76.4, H 4.49, N 8.91 
Found: C 76.3, H 4.47, N 8.74 


The diacetyl derivative, prepared by heating the product in acetic 
anhydride for 1 hour, was purified by chromatography and re- 
crystallized from chloroform-petroleum ether (30-60°) to give 
violet needles, m.p. 236-238°, ACHE's 507 mu («, 4,980), 
232, 303, 487 my (e, 63,000; 20,000; 4,300). The infrared spec- 
trum (Nujol) showed bands at 5.65 uw and at 5.85 w, corresponding 
to a phenolic acetate band and the amide I band (24). 


CasHisN 20. 


Calculated: C 72.4, H 4.55, N 7.03 
Found: C 72.2, H 4.70, N 6.95 


The various incubation systems are described under the ap- 
propriate figures or tables. In experiments where the soluble 
preparation of cytochrome oxidase was employed, the experi- 
mental procedure was as follows: 0.29 umole of the aminophenol 
or the amidophenol in 250 wl. of ethanol was added to a mixture 
of 2.0 ml. of 0.1 m phosphate buffer of pH 7.4, 0.029 umole of 
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cytochrome c in 100 ul. of water, and 25 ul. of the cytochrome 
oxidase preparation (0.93 ug. protein N per ul.) and the mixtures 
were incubated in air at 37°. After incubation, the mixtures 
were extracted successively with 3.0 ml. followed by 2.0 ml. of 
chloroform. The chloroform extract was dried over a few crys- 
tals of anhydrous sodium sulfate and the volume readjusted to 
5.0 ml. with chloroform. The visible spectra (325 to 650 my) 
of the chloroform extracts were recorded on a Beckman model 
DR spectrophotometer. When the ultraviolet spectrum was 
taken, the aminophenol was added in one-half of the above quan- 
tity and the spectrum was determined directly with use of appro- 
priate spectrophotometric blanks. Occasionally, the mixtures 
were also extracted with ether. 

When (a) the chloroform extract did not absorb throughout 
the visible region of the spectrum, (6) the ultraviolet spectrum 
measured directly gave a curve superimposable with the spectrum 
of the aminophenol contained in a blank lacking only in cyto- 
chrome c, or when (c) the ether extract exhibited an ultraviolet 
spectrum which was identical with the spectrum observed in the 
ether extract of a control mixture lacking only in cytochrome ¢, 
it was concluded that the starting material had remained un- 
changed. The congruity of the spectral curves compared under 
(b) and (c) was usually within +2 per cent. 


RESULTS 


Oxidation of o-Aminophenols—In preliminary experiments the 
reduction of oxidized cytochrome c in buffered solutions (E° = 
0.25 volt at pH 7 (25, 26)) by a number of amino- or amido- 
phenols was tested (Table I). o-Aminophenol itself as well as 
the o-aminophenol analogues of the naphthalene and fluorene 
series were good reducing agents, while the other isomeric amino- 
phenols, with the exception of 4-amino-l-naphthol, did not re- 
duce cytochrome c under these conditions. The N-acetyl de- 
rivative of OFA likewise did not reduce cytochrome c. Under 
the experimental conditions described in Table I, microsomal cy- 
tochrome was not reduced by OFA. These observations strongly 
suggested that certain o-aminophenols should be oxidizable by 
the cytochrome c-cytochrome oxidase system, and the experi- 
ments which follow were carried out to obtain experimental sup- 
port for this view. 


TABLE I 
Reduction of ferricytochrome c by amino- and amidophenols 


The test system contained 1.0 ml. of 0.1 m phosphate buffer of 
pH 7.4, 0.057 wmole (or 0.114 umole) of ferricytochrome c, 0.057 
pmole of amino- or amidophenol, and water to give a volume of 
3.0 ml. The reduction was measured spectrophotometrically by 
observing the appearance of the reduced band of cytochrome c at 
551 mu; + indicates that cytochrome c was reduced, but spon- 
taneously reoxidized after 15 minutes. 


Compound Reduction 


2-Amino-5-fluorenol..................... 
N-(1-hydroxy-2-fluorenyl)acetamide...... 
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TABLE II 


Oxidation of OFA by cytochrome c and mitochondria 
from rat kidney cortex 


Conditions: OFA (0.14 umole), cytochrome c (0.029 umole), and 
rat kidney mitochondria (210 ug. of nitrogen) in borate buffer of 
pH 7.3, to give a volume of 6.0 ml. (final borate concentration = 
0.0035 mM). The blank contained no cytochrome c. After incuba- 
tion at 37°, 5.0 ml. of 95 per cent ethanol were added to precipi- 
tate the proteins, and the absorbancy due to OFA in the super- 
natant liquid was measured at 280 mu. AAoso is the difference in 
the absorbancies of the deproteinized reaction mixtures with and 
without cytochrome c. 


| 
Incubation time SA wo | 
min. % 
1 0.040 | 1 
60 0.355 | 95 


When mitochondria from rat kidney cortex were added to cata- 
lytic amounts of cytochrome c, 95 per cent of OFA was oxidized 
in 1 hour, as measured spectrophotometrically by the disappear- 
ance of the aminofluorenol band at 280 my (Table II). The oxi- 
dation was dependent on the addition of catalytic quantities of 
cytochrome c, since no oxidation was detectable in its absence. 
On increasing the concentration of the aminofluorenol 2- to 3- 
fold, a violet oxidation product was obtained as the incubation 
progressed. This product which was not formed when cyto- 
chrome c was omitted from the system, was readily extractable 
into chloroform or ethyl acetate, and the visible spectrum ex- 
hibited a sharp absorption maximum at 585 my and a broad 
maximum at 355 my (Curve A, Fig. 1). Substitution of rat liver 
mitochondria for kidney mitochondria gave qualitatively similar 
results. 

Incubation of liver or kidney mitochondria with o-aminophenol 
and 3-hydroxy-4-aminobipheny! gave oxidation products which 
absorbed maximally at 425 my and 413 muy, respectively (Curves 
B and C, Fig. 1). No oxidation was detectable in the absence of 
cytochrome c. 

Cytochrome c and the soluble cytochrome oxidase (3) oxidized 
OFA, o-aminophenol, and 3-hydroxy-4-aminobiphenyl to prod- 
ucts with spectral characteristics identical with those shown in 
Fig. 1. These results indicated that the oxidations observed 
in the presence of mitochondria were probably due to the 
mitochondrial cytochrome oxidase acting in conjunction with 
cytochrome c. Since the purified cytochrome oxidase has the 
advantage of yielding optically clear solutions on which spectro- 
photometric measurements can be made directly, all subsequent 
experiments were performed with this preparation. Under these 
conditions, 2-amino-5-fluorenol and N-(1-hydroxy-2-fluoreny])- 
acetamide gave no colored oxidation products, and their ultra- 
violet spectra remained unaltered. 2-Amino-7-fluorenol slowly 
underwent a spectral change on prolonged incubation with the 
complete enzyme system (Fig. 2). The slow rate of this reaction 
when compared with the rapid oxidation of OFA suggested that 
the former might have been a hydrogen peroxide-linked oxida- 
tion rather than a direct oxidation by cytochrome c and cyto- 
chrome oxidase. Hydrogen peroxide-initiated oxidations in sys- 
tems containing cytochrome c, cytochrome oxidase, and ascorbic 
acid have been observed (27). However, addition of 25 yl. of a 
commercial preparation of catalase to the system did not inhibit 
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Fig. 1. The products of, the oxidation of o-aminophenols by 
cytochrome c and kidney mitochondria. Conditions as described 
in Table II with the following exceptions: 0.29 umole of the o-ami- 
nophenol and 0.029 umole of cytochrome c were incubated with 
kidney mitochondria equivalent to 210 wg. of nitrogen in a final 
volume of 3.9 ml.; incubation time, 1 hour. The visible spectra of 
the chloroform extracts (3.0 ml.) are shown. Curve A, oxidation 
product of OFA; Curve B, of o-aminophenol; Curve C, of 3-hy- 
droxy-4-aminobipheny]. 
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Fig. 2. Spectral changes during the incubation of 2-amino-7- 
fluorenol with cytochrome c-cytochrome oxidase. Curve A, spec- 
trum of 2-amino-7-fluorenol; Curve B, spectrum after incubation 
with the enzyme system for 30 minutes; Curve C, spectrum after 
2 hours incubation. 


the oxidation. It is of interest that in the mitochondrial system 
described in Table II, 2-amino-7-fluorenol likewise disappeared 
from the supernatant solution. 

The rate of oxidation of OFA as measured by the color de- 
veloped during the oxidation was dependent on the enzyme con- 
centration (Fig. 3), and at the two lower concentrations, was, as a 
first approximation, directly proportional to the quantity of the 
enzyme. The larger deviations from proportionality at the 
higher protein concentration may be attributed to binding of an 
oxidized intermediate to the protein (see below) to give in effect 
a reduced color yield. These kinetic measurements could not be 
pursued further since increase in the concentration of cytochrome 
c interfered with the direct spectrophotometry at 570 my, the 
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Fic. 3. The rate of oxidation of OFA with increasing cyto- 
chrome oxidase concentration. The reaction mixtures contained 
2.1 ml. of 0.1 mM phosphate buffer of pH 7.4, 0.029 umole of cyto- 
chrome c, variable amounts of cytochrome oxidase expressed as 
pg. of nitrogen, and 0.29 ymole of OFA in 250 wl. of ethanol; total 
volume, 2.45 ml. AAs = (Az — Ao) at 570 mu, where A; is the 
total absorption at time ¢. Since increasing the amount of cyto- 
chrome oxidase gave increasing absorbancies at 570 mu, this value 
was determined before addition of OFA and corrected for the 
volume change on addition of the aminofluorenol (49). 
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Fia. 4. The spectrum of synthetic NQT in chloroform (Curve A) 
compared with the spectrum of a chloroform extract after incu- 
bation of equimolar amounts of 2-amino-l-naphthol and OFA 
with cytochrome c-cytochrome oxidase (Curve B). 


wave length at which the oxidation product of OFA exhibited 
maximal absorption.? 

Specificity—The three isomeric aminonaphthols, 1-amino-2- 
naphthol, 4-amino-l-naphthol, and 2-amino-l-naphthol, readily 
reduced cytochrome c as shown in Table I. It was therefore 
anticipated that addition of cytochrome oxidase would result in 
the formation of oxidation products in quantities sufficient for 
spectral characterization as was the case for o-aminophenol, 3- 
hydroxy-4-aminobiphenyl, and OFA. The products of the chem- 


2 In one experiment where the cytochrome c concentration was 
increased 10-fold, some violet color developed independently of 
the addition of cytochrome oxidase. This is to be expected with 
very large quantities of cytochrome c since 82 per cent of the 
added cytochrome c was in the form of ferricytochrome c. 
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ical oxidation of 1-amino-2-naphthol and 4-amino-1-naphthol 
(1-imino-1,2-naphthoquinone and 1,4-naphthoquinone imine 
(20)) as well as their hydrolysis products (1 ,2-naphthoquinone 
and 1 ,4-naphthoquinone) have well defined spectral characteris- 
tics (28) and the spectral properties of the oxidation product of 
2-amino-l-naphthol have been described in the present work. 
However, none of these products were detected when the amino- 
naphthols were incubated with cytochrome c-cytochrome oxidase, 
The possibility of inhibition of the enzyme system by reaction 
products or by impurities in the aminonaphthols was ruled out 
since addition of OFA to the cytochrome c-cytochrome oxidase 
system after preincubation with 4-amino-1-naphthol for 30 min- 
utes gave rise to the characteristic spectrum of oxidized OFA 
(Fig. 1). 

This apparently anomalous behavior of the aminonaphthols 
suggests the possibility that cytochrome oxidase may be reversing 
the oxidative process by transferring electrons from cytochrome 
oxidase to the quinoneimine. This possibility is supported by 
the repeated observation that oxidation of 2-amino-1l-naphthol 
by air was inhibited as much as 55 per cent in the presence of 
cytochrome c and cytochrome oxidase. Further experiments 
are required to settle this point. 

Although 2-amino-1-naphthol was not directly oxidized by the 
enzyme system oxidation of this compound did occur when equi- 
molar quantities of 2-amino-l-naphthol and OFA were incubated 
simultaneously with cytochrome c and cytochrome oxidase. The 
spectrum of the oxidation product was identical with that of NQI 
(Fig. 4). It would therefore appear that the oxidation of this 
aminonaphthol was coupled to the oxidation of the aminofluo- 
renol as follows: 


> k 
OH 
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nonenzymatic 
a 
NH NH. 
| OH 
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A similar coupling reaction has been observed by Butenandt et 
al. (29) in the oxidation of 3-hydroxykynurenine to an ommo- 
chrome dyestuff in the presence of tyrosinase. This reaction pro- 
ceeds only when 3,4-dihydroxyphenylalanine is added to the 
system, the oxidation of 3,4-dihydroxyphenylalanine to ‘“‘do- 
paquinone”’ being catalyzed by tyrosinase. ‘‘Dopaquinone’”’ in 
turn oxidizes the hydroxykynurenine to the ommochrome. 
Protein Binding of Enzymatic Oxidation Product of OF A—If 
during the tyrosinase-catalyzed oxidation of catechol or homo- 


catechol certain amines, amino acids (30), peptides (31), or pro- 
teins (32) are added, red-violet adducts instead of yellow o-qui- 
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nones are obtained. In order to test whether similar adducts 
could be formed with oxidized OFA equimolar amounts of hy- 
droxyproline, glycylglycine, aniline, and 2-amino-fluorene were 
added to mixtures containing OFA and cytochrome c and cyto- 
chrome oxidase. However, the spectra of the oxidation products 
under these conditions were in each instance indistinguishable 
from the blue-violet product obtained without such additions, 
and the time course of the oxidation was likewise unchanged. 
Blue-violet oxidation products were also observed on addition of 
a-naphthol, the coupling agent in the “Nadi” reaction,’ or on 
addition of 1-fluorenol. 

Mason and Peterson (32) have shown that the o-quinone which 
is generated in the oxidation of catechol by phenolase combines 
with the N-terminal proline of salmine to give a red quinone- 
protein adduct. In the case of o-quinoneimides model experi- 
ments indicate that 1 ,2-naphthoquinone-1-benzimide, 1 ,2-naph- 
thoquinone-l-acetimide, and _ 1 ,2-fluorenoquinone-2-acetimide 
undergo a rapid reaction with crystalline bovine serum albumin 
to give colored quinoneimide-protein complexes (33). The ex- 
periments which follow provide evidence that the product of the 
enzymatic oxidation of OFA likewise combines with crystalline 
bovine serum albumin. 

When a constant amount of OFA was oxidized enzymatically 
in the presence of varying quantities of bovine serum albumin, 
the amount of blue-violet oxidation product extractable from the 
incubation mixtures into chloroform diminished with increasing 
albumin concentration, suggesting binding of the oxidized prod- 
uct to albumin. Curve A, Fig. 5, depicts the relation between 
the amount of compound bound and the albumin concentration. 
Binding was defined in terms of the assumption that the amount 
of the dye which was extractable from mixtures containing no 
albumin (Ao), corresponded to zero per cent protein binding. 
The per cent binding at albumin concentrations greater than 
1 — 4) 100 where A 

Ao 
is the value of the absorbancy of dye extractable at any given 
albumin concentration. The observed decrease in extractable 
dye with increasing protein concentrations might have been due 
to the following factors: (a) inhibition of the enzymatic oxidation 
in the presence of albumin, (6) binding of the violet dye by al- 
bumin, and (c) binding of a dye precursor by albumin. 

The first possibility was excluded by the fact that at an albu- 
min concentration at which binding was 80 per cent complete 
(mole ratio of albumin/aminofluorenol = 0.25), no OFA was 
detectable in the supernatant liquid of the incubation mixtures 
by ultraviolet spectrophotometry, whereas 88 to 90 per cent of 
the oxidizable substrate was recoverable when cytochrome c was 
omitted. The oxidation was therefore not inhibited and the 
disappearance of OFA was caused by interaction of the oxidized 
substrate with albumin. 

When increasing quantities of albumin were added to mixtures 
after substrate oxidation had gone to completion (30 minutes), 
the resulting binding of the dye is shown in Curve B, Fig. 5. The 
extent of dye binding was independent of the time of incubation 
(1, 10, or 30 minutes) and this, together with the fact that the 
proteins retained a blue color after extraction of excess dye, sug- 
gests that the dye itself was bound without requiring further 


zero Was calculated from the expression 


blue. In the present system, OFA may be considered as the 
entity which corresponds to p-aminodimethylaniline. 
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Fic. 5. Binding of oxidized OFA to crystalline bovine serum 
albumin. Curve A, albumin present during enzymatic oxidation; 
Curve B, albumin added after oxidation was complete. The ex- 
perimental details are described in the text. 


transformation. Thus, the second possibility mentioned above 
may contribute to the protein binding of oxidized OFA. Never- 
theless, the binding of the violet dye accounted for only one-half 
of the total binding represented by Curve A. Consequently, the 
difference between Curves A and B must have been due to bind- 
ing of a precursor of the dye. This difference probably represents 
a minimal value, since, at least in the initial phase of the oxida- 
tion represented by Curve A, the amount of violet dye available 
for binding is undoubtedly less than under the conditions of the 
oxidation represented by Curve B. The fact that the proteins 
were virtually colorless when albumin was present throughout 
the incubation period, further indicated that the major fraction 
of the bound compound consisted of a product with spectral 
characteristics different from that of the violet dye. 

The results therefore show that the dye precursor as well as 
the dye may interact with protein. Although the proportion in 
which the two compounds combine with protein cannot readily 
be determined, the evidence suggests that the major share of the 
bound material was contributed by the dye precursor. As will 
be shown in the companion paper (34), this dye precursor is the 
o-quinoneimine, ,2-fluorenoquinone-2-imine. 


DISCUSSION 


The oxidation of certain o-aminophenols of the benzene, bi- 
phenyl, and fluorene series by cytochrome ¢ and cytochrome oxi- 
dase might perhaps have been expected since quinol as well as 
p-phenylenediamine and its various N-alkyl derivatives are also 
oxidized by this enzyme system (35). It has generally been 
assumed that any substance which reduces ferricytochrome c can 
be more or less completely oxidized by the combined action of 
cytochrome c and cytochrome oxidase (36). The failure of cyto- 
chrome oxidase to promote the oxidation of the isomeric amino- 
naphthols, even though these compounds reduce ferricytochrome 
c readily, throws some doubt on the validity of this generaliza- 
tion. Whether the reason for the apparent specificity can be 
attributed to the transfer of electrons from cytochrome oxidase 
to an acceptor different from oxygen, t.e. the quinone imine, re- 
quires further study. 

2-Amino-1-naphthol is oxidized by oxygen to NQI (I), an in- 
dophenol with the hydroxyl auxochrome at a position ortho to 
the azo nitrogen. The absorption maximum of this compound 
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is at 547 my (chloroform).‘ By analogy, the enzymatic oxida- 
tion product of OFA, »CBC'* 585 mu, is probably also an indo- 
phenol. Evidence in support of such a structure is presented in 
the companion paper (34). 

The stability and spectral properties of the yellow oxidation 
products of o-aminophenol and 3-hydroxy-4-aminobipheny] pre- 
cluded the possibility that they were monomeric o-quinoneimines, 
and they will be shown to be isophenoxazones (34).- The ques- 
tion may be raised whether the dimerization proceeds by an ionic 
mechanism involving the o-quinoneimine or by a free radical 
mechanism involving semiquinones. The experimental evidence 
permits no clear distinction between the two mechanisms; how- 
ever, the ionic mechanism accounts satisfactorily for the protein 
interaction in terms of established addition reactions (40). 

The failure of aniline, 2-aminofluorene, hydroxyproline, and 
glycylglycine to combine with the o-quinoneimine generated by 
the enzymatic oxidation of OFA is in marked contrast to the 
known effectiveness of such compounds in “‘trapping”’ 0-quinones. 
The absence of such an interaction is probably due to the very 
rapid rate of dimerization which may be looked upon as a “‘trap- 
ping” of the o-quinoneimine by a molecule of OFA. 

It has recently been reported that the implantation of certain 
o-aminophenols such as 3-hydroxy-4-aminobipheny] and 2-amino- 
1-naphthol into the bladder of the mouse gives rise locally to the 
formation of neoplasms (41). It has also been suggested that the 
o-aminophenols arising in the metabolism of aromatic amines 
rather than the aromatic amines themselves are the proximate 
carcinogenic agents (42). If protein interaction is a requirement 
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for carcinogenic action as is becoming increasingly likely (49), 
the oxidation to o-quinoneimines, either directly by an oxidage 
or indirectly by a coupled oxidation, and the subsequent binding 
of these reactive intermediates to proteins might provide the 
chemical basis for the observed carcinogenic activity of certain 
o-aminophenols. 


SUMMARY 


1. The direct enzymatic oxidation of certain o-aminophenols 
by cytochrome c and mitochondria or by cytochrome c and sol- 
uble cytochrome oxidase has been studied. o-Aminophenol, 
3-hydroxy-4-aminobiphenyl, and 2-amino-1-fluorenol were rap- 
idly oxidized by cytochrome c-cytochrome oxidase and yielded 
end products with characteristic spectral properties. The iso- 
meric aminonaphthols were not oxidized by cytochrome c-cyto- 
chrome oxidase. In the presence of 2-amino-1-fluorenol, 2- 
amino-l-naphthol yielded, through a coupled reaction, an 
oxidation product which was identified as the indophenol, 2- 
amino-1 

2. Data are presented which show that the indophenol derived 
from the enzymatic oxidation of 2-amino-1-fluorenol, as well as 
the precursor of this indophenol are bound to bovine serum al- 
bumin. The evidence suggests that the major portion of the 
bound material is contributed by the indophenol precursor. 

3. The suggestion is made that the oxidation of certain o-ami- 
nophenols and the binding of the resulting o-quinoneimines to 
cellular proteins may have a bearing on the recognized carcino- 
genic activity of these compounds. 
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The oxidation of the o-aminophenols, 2-amino-1-fluorenol, 3- 
hydroxy-4-aminobiphenyl, and of o-aminophenol itself by cyto- 
chrome c and cytochrome oxidase in vitro has been shown to 
yield colored oxidation products with characteristic visible ab- 
sorption spectra (2). The present paper is concerned with the 
identification of these products by chemical synthesis. The oxi- 
dation products of 3-hydroxy-4-aminobipheny! and of o-amino- 
phenol are isophenoxazones.'! Evidence is presented that the oxi- 
dation product of 2-amino-1-fluorenol is an indophenol with a 
structure resembling that of oxidized 2-amino-1l-naphthol (2). 


EXPERIMENTAL 


All melting points were taken on a Fisher-Johns melting point 
apparatus and are uncorrected. Infrared spectra of the com- 
pounds were determined as mulls in mineral oil on a Beckman 
IR-4 infrared spectrophotometer. Electronic spectra were de- 
termined on a Beckman DR recording spectrophotometer; when 
chloroform or ethyl acetate were used as spectral solvents, the 
ultraviolet cut-off was at 325 muy. 

The conditions for the oxidation of OFA,? OBA, and o-amino- 
phenol by cytochrome c-cytochrome oxidase in vitro have been 
described (2). The visible spectra of chloroform extracts were 
determined as previously described. For paper chromatography, 
the chloroform extracts were washed with 2 ml. of water, filtered 
through a cotton plug, and the solvent evaporated in a stream of 
nitrogen. The residue was taken up in 0.25 ml. of chloroform 
and 5 yl. were applied to Whatman No. | paper for ascending 
chromatography. The isophenoxazones obtained by chemical 


* Supported by grants from the National Cancer Institute, 
United States Public Health Service (C-2571), and the Minnesota 
Division of the American Cancer Society. 

t A preliminary note of this work has been published (1). 

1To avoid existing ambiguities in the nomenclature of com- 
pounds containing the isophenoxazine ring structure, the current 
Chemical Abstracts’ system of nomenclature and numbering is used 
throughout; thus, 3H-isophenoxazine is 


10 
9 N 1 


2 The abbreviations used are: OFA, 2-amino-1-fluorenol; OBA, 
3-hydroxy-4-aminobiphenyl; FQI, 2-amino-1,4-fluorenoquinone- 
N4-(1-hydroxy-2-fluoreny])imine. 


oxidation (see below) were applied to the same paper and chro- 
matographed simultaneously. For 2-aminoisophenoxazone the 
solvent system was the lower phase of butanol:ethanol: water 
(5:2:10). The yellow spots due to 1 wg. of material were clearly 
detectable; when sprayed with a 2 per cent ethanolic solution of p- 
toluenesulfonic acid monohydrate the color of the spots changed 
to intense red violet. For 1,7-diphenyl-4-aminoisophenoxa- 
zone, the solvent system was butanol:acetic acid: water (1:1:7). 
Spraying with p-toluenesulfonic acid offered no advantage here 
since the yellow color of the compound was neither changed nor 
intensified. In ultraviolet light, however, a yellow fluorescent 
spot was associated with the vellow spot of the isophenoxazone. 

2-A mino-3H -isophenoxazin-3-one (I)—This compound was pre- 
pared in 20 per cent yield by the oxidation of o-aminophenol in 
ethyl acetate with activated lead dioxide (4), a modification of 
the procedure of Fischer and Jonas (3) who used mercuric oxide 
in benzene. The compound, m.p. 255-257° (with sublimation 
above 225°) had the following spectral characteristics: 
238, 422, 437 my (e, 29,200; 24,400; 25,000); xZtO4° 410, 428 my 
25,900; 26,500); 422 + 4 my («, 26,600). The product 
was treated with acetic anhydride to give the acetyl derivative, 
m.p. 296-297°,° »EtO™ 241, 405 my («, 29,300; 26,500). The in- 
frared spectra of the aminoisophenoxazone and its acetyl deriva- 
tive were identical in all respects with the published spectra which 
covered the 5 to 7.5 uw region (6). The melting points reported 
for the acetyl derivative by other investigators ranged from 282- 
285° (7, 8). In view of this discrepancy in melting points the 
compound prepared by us was submitted for elemental analysis. 


Calculated: C 66.1, H 3.96, N 1 
1 


N 11.02 
Found: C 65.8, H 3.74, N 


1. 
1.03 


* This spray test is based on the observation, confirmed in this 
laboratory, that 2-aminoisophenoxazone gives a red-violet color in 
concentrated sulfuric acid (3). 

‘Fischer and Jonas reported a melting point of 249°. Our 
spectral data for this compound deviate from those of Cavill et al. 
(5) who reported €235 14,800; €421:-436 12,600 (in ethanol); however. 
the extinction coefficients obtained by Musso and Matthies (6) in 
methanol (¢€235 30,600; 430-434 25,400) are in line with the present 
results. 

5 The compound appears to exhibit dimorphism. The orange 
needles are converted to an orange amorphous solid at approxi- 
mately 278° which does not liquefy until 296-297°. On cooling the 
compound reverts to needles. This behavior may be the reason 
why the melting points have been recorded at about 280°. 
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1.7 -Diphenyl-4-amino-3H -isophenoxazin-3-one (II)—To a 
warm (75-80°) stirred solution of 400 mg. (2.2 mmoles) of OBA 
in a mixture of 25 ml. of purified dioxane (9) and 40 ml. of 0.1 m 
phosphate buffer of pH 7.4, was added dropwise over a period of 
35 minutes a solution of 2.33 gm. (6.8 mmoles) of potassium fer- 
ricvanide in 35 ml. of distilled water. After the addition was 
complete, stirring was continued for 20 minutes. The solid 
which had precipitated was collected, washed with distilled 
water, and dried in a vacuum over CaCl, to give 393 mg. of red 
crystalline material, m.p. 192-194°. The crude product was 
purified as follows: 125 mg. of the product were dissolved in 10 
ml. of ethyl acetate and subjected to chromatography on a 2 « 30 
em. column of acid-washed activated alumina with ethyl acetate 
as eluent. Three distinct bands were observed during develop- 
ment. Fraction 1, a fast moving blue band which emerged first 
and which contained mostly material absorbing maximally at 545 
mu, was discarded. A slower moving yellow-brown band, when 
eluted, appeared red in solution and absorbed maximally at 403 
mu (Fraction 2). The spectrum indicated that this fraction did 
not contain the blue contaminant. A brown band near the top 
of the column was not eluted. Fraction 2 was taken to dryness 
and the residue recrystallized from dilute ethanol to yield 79 mg. 
of orange crystals, m.p. 193-194° with decomposition, after being 
dried in a vacuum over phosphoric anhydride at 78°. 


CosHieN202-H2O 


Caleulated: C 75.3, H 4.74, N 7.34 
Found: C 75.3, H 4.85, N 7.62 


An anhydrous sample was prepared as follows: The remaining 
crude material was combined with a similar sample from another 
run, subjected to chromatography as above, and the solid from 
Fraction 2 (m.p. 195-196°) was recrystallized three times from 
ethyl acetate:petroleum ether. The melting point remained 
unchanged after each crystallization. The sample was dried in 
a vacuum over phosphoric anhydride for 24 hours at 56°. — 
304, 415 mu, with a shoulder at 232 to 238 my (e, 14,000; 23,400; 
at shoulder about 15,000); 413 my 21,000); 
405 my («, 23,600). 


Caleulated: C 79.1, H 4.43, N 7.69, m. wt. 364 
Found: C 78.6, H 4.87, N 7.47, m. wt. (eryosecopic, benzene) 354 


The acetyl derivative was prepared by heating the above com- 
pound in acetic anhydride for 4 hour. The product was purified 
by column chromatography on acid-washed, activated alumina 
and recrystallized from chloroform : petroleum ether (b.p. 30-60°) 
and from ethanol containing a trace of chloroform to give violet 
needles, m.p. 290-292° which sublimed above 270°; SBC’? 406, 


507 mu 18,300; 11,700). 


CooHisN 20s 


Calculated: C 76.8, H 4.46, N 6.89 
Found: C 77.0, H 4.32, N 7.20 


Oxidation of OBA to 2-Amino-5-phenyl-1 , 4-benzoquinone- 
(I1I)—OBA, 250 mg. (1.35 
mmoles), was dissolved in 15 ml. of ethyl acetate and to this solu- 
tion were added, at room temperature and with mechanical stir- 


* Isophenoxazones are known to retain water tenaciously and 
the elemental analyses are subject to larger errors than usual since 
these compounds are difficult to burn (10). 
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ring, 341 mg. (1.42 mmoles) of activated lead dioxide in several 
small portions. The mixture became dark violet immediately 
upon addition of the oxidant. After 30 minutes of additional 
stirring, the absorption spectrum of an aliquot showed a maxi- 
mum at 545 mp. The reaction mixture was then heated under 
reflux. Spectra of aliquots taken 5 and 25 minutes after heating 
was started showed no shift in the position of the absorption 
maximum. Addition of 170 mg. (0.71 mmole) of lead dioxide 
and further heating and stirring for 30 minutes likewise did not 
alter the position of the absorption maximum. The reaction 
mixture was then cooled, the insoluble material sedimented by 
centrifugation, and the dark violet supernatant liquid passed 
through a bed of Celite. The filtrate was taken to dryness in a 
vacuum at 40-50° to yield 175 mg. of a dark blue-violet product 
which did not melt to 300°. Qualitative tests with dithizone 
(11) indicated that a considerable amount of lead was present 
in the product. When an attempt was made to purify a small 
sample (about 10 mg.) of the material by column chromatog- 
raphy on activated alumina, the lead-free fractions were found 
to have now a main absorption maximum at 405 my (ethyl ace- 
tate) and a weak maximum at 540 my, indicating that the ma- 
terial was largely converted to IL (see above) during chromatog- 
raphy. 

Conversion of III to II—Crude III, 100 mg., obtained above 
was dissolved in 10 ml. of purified dioxane and 30 ml. of 0.1 m 
phosphate buffer of pH 7.4 were added. The solution was heated 
for 3 minutes on the steam bath and, after cooling, extracted with 
chloroform until no further yellow color was extractable. The 
combined extracts were passed through a bed of anhydrous so- 
dium sulfate and the filtrate evaporated to dryness in a vacuum 
to give 91 mg. of a brown solid. Comparison of the extinction 
of this material with that of authentic II indicated that it con- 
sisted of the isophenoxazone to the extent of 65 per cent. After 
further purification by column chromatography on acid-washed, 
activated alumina and several recrystallizations from ethanol: 
water and ethyl acetate:petroleum ether the melting point of 
the product was 193.5-195°. The mixed melting point with a 
sample prepared by ferricyanide oxidation of OBA was not de- 
pressed. 

Preparation of FQI (I1V)—To a suspension of 150 mg. (0.758 
mmole) of OFA in 20 ml. of anhydrous ether were added suc- 
cessively 0.5 gm. of anhydrous sodium sulfate and 377 mg. (1.65 
mmoles) of activated lead dioxide. The mixture was shaken 
vigorously for 5 minutes and insoluble material was removed by 
passing the mixture through a bed of infusorial earth. The deep 
blue filtrate was concentrated in a vacuum at room tempera- 
ture to give a dark violet solid which was taken up in 4 ml. of 
anhydrous benzene. After filtration, the filtrate was diluted 
with 40 ml. of petroleum ether (b.p. 30-60°) and the mixture 
cooled at 4° for one-half hour whereupon the product precipi- 
tated. The crystalline blue-violet product, 53 mg. (36 per cent 
yield) which decomposed above 170°, was collected by centrifuga- 
tion and dried in a vacuum over paraffin chips. 


CosHisN 202 


Calculated: C 80.0, H 4.65, N 7.18, m. wt. 390 
Found: C 79.0, H 4.86, N 6.85, m. wt. 
(eryoscopic, benzene) 350, 330 


Further attempts to purify this compound resulted in formation 
of a brown, amorphous product which was probably polymeric, 
Attempts to acetylate FQI also resulted in polymerization. 
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Fig. 1. Spectra of synthetic and biosynthetic 2-amino-3H-iso- 
phenoxazin-3-one. Curve A, spectrum of synthetic isophenoxa- 
zone (I); Curve B, spectrum of the oxidation product of o-amino- 
phenol by cytochrome c-cytochrome oxidase. Solvent: ethanol: 
chloroform (1:1). 
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Fig. 2. Spectra of 1,7-diphenyl-4-amino-3H-isophenoxazin-3- 
one and of the indophenol, 2-amino-5-pheny]-1,4-benzoquinone- 
N‘*-(3-hydroxy-4-biphenylyl)imine. Curve A, synthetic isophe- 
noxazone (II); Curve B, product of the oxidation of OBA by 
cytochrome c-cytochrome oxidase; Curve C, the indophenol III; 
Curve D, showing the presence of the intermediate indophenol 
(III) and the isophenoxazone (II) in the oxidation of OBA by 
potassium ferricyanide. Solvents: Curves A and B, chloroform; 
Curves C and D, ethyl! acetate. 


RESULTS 


The visible spectrum of 2-amino-3H-isophenoxazin-3-one, the 
product derived from the lead dioxide oxidation of o-aminophe- 
nol, and the spectrum of the enzymatic oxidation product of 
the aminophenol with cytochrome c-cytochrome oxidase are com- 
pared in Fig. 1. The identity of the two spectra is apparent; 
likewise, paper chromatography of the synthetic and enzymatic 
oxidation products gave identical Rp values (0.40). The enzy- 
matic oxidation of o-aminophenol thus yielded an isophenoxazone 
identical with that prepared by chemical oxidation. 

A yellow product, Rp 0.80, with a spectral maximum at 413 my 
(Curve A, Fig. 2) was obtained when OBA was oxidized by cyto- 
chrome c-cytochrome oxidase in vitro. Consideration of the rela- 
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Fic. 3. The infrared spectrum of 1,7-diphenyl-4-amino-3H-iso- 
phenoxazin-3-one (II) in mineral oil. 


tive position of this absorption maximum?’ together with the fact 
that OBA is a phenyl-substituted o-aminophenol led us to sus- 
pect that this oxidation product was likewise an isophenoxazone, 
and its synthesis was therefore attempted. 1,7-Diphenyl-4- 
amino-3H-isophenoxazin-3-one (I1), m.p. 195-196°, was isolated 
when OBA was oxidized at 80° with potassium ferricyanide in a 
phosphate buffer of pH 7.4. This product, Rp 0.81, exhibited a 
visible spectrum (Curve B, Fig. 2) identical with the yellow en- 
zymatic oxidation product just described. The formation of a 
blue intermediate during the chemical oxidation was revealed 
by the appearance of two absorption maxima at 545 my and at 
405 mu (Curve D, Fig. 2), which corresponded to the spectra of 
the intermediate and the end-product respectively. 

The electronic spectrum and infrared spectrum of II (Fig. 3) 
are consistent with the assigned structure shown below. The 
carbonyl stretching frequency appeared at 5.87 uw, when the 
spectrum of the compound was taken either as a solid or in chloro- 
form, @.e. at a slightly shorter wave length (higher frequency) 
than those reported (6.02 to 6.07 yw) for isophenoxazones (6). 
However, none of the reported isophenoxazones have an amino 
group at position 4 or phenyl! groups at positions 1 and 7. This 
shift of the carbony! stretching frequency of II from the normal 
position in isophenoxazones may be ascribed to contribution by 
the ortho quinonoid resonance structure Ila which would be 
expected to decrease the effective conjugation of the carbonyl 


group. 


C,H; S CoH 
| | | | 
C,H; O () C,H; O 0 
NH: 
Il Ila 


This view is supported by the observation that o-quinoneimides 
such as 2-imido-1 ,2-fluorenoquinones (12) and_ 1-imido-1! ,2- 
naphthoquinones* show carbonyl] stretching frequencies in the 
region 5.90 to 5.95 yw. 

Lead dioxide oxidation of OBA under conditions similar to the 
oxidation of o-aminophenol did not yield II, but a blue-violet 
product with the visible absorption spectrum shown in Curve C, 


7 For correlations of infrared and electronic spectra with the 
structure of isophenoxazones, see (6, 10). 
§C.C. Irving and H. R. Gutmann, unpublished experiments. 
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Fig. 2. Attempted purification of this product, which contained 
lead as an impurity, by column chromatography or warming 
the violet product in phosphate buffer at 80° converted it to the 
isophenoxazone II. It is clear that the blue-violet compound 
formed in the lead dioxide oxidation of OBA is the same as the 
intermediate formed in the ferricvanide oxidation, since both 
gave rise to the isophenoxazone II. This blue-violet intermedi- 
ate should therefore have structure III. 


This indophenol structure, even though III could not be obtained 
pure, accounts satisfactorily for the characteristic visible absorp- 
tion spectrum exhibited by the compound as well as for its ready 
conversion to II. Cyclization of III followed by oxidation can 
lead only to an isophenoxazone with the amino substituent at the 
4-position, since the alternative path for cyclization leading to 
a 2-aminoisophenoxazone is blocked by the phenyl group. 

In contrast to the o-aminophenols described above, OFA did 
not give an isophenoxazone, either by enzymatic oxidation or by 
chemical oxidation with lead dioxide, but yielded instead a violet 
product with absorption maxima at 585 and at 355 my (Curves A 
and B, Fig. 4). The observed molecular weight of the synthetic 
product (340) while not entirely satisfactory on account of solu- 
bility difficulties encountered in the determination, nevertheless 
suggests a dimeric (m. wt. of dimer, 390) rather than a mono- 
meric structure (m. wt. of monomer, 195). Attempts to purify 
the material by paper or column chromatography were unsuccess- 
ful since the product polymerized when it was manipulated or al- 
lowed to remain in solution for extended periods. The decompo- 
sition product was a brown solid which was insoluble in common 
organic solvents and from which no isophenoxazone could be iso- 
lated. 

Standardized lead tetraacetate solution added in successive 
increments to a chloroform solution of OFA gave a maximal color 
vield after 1 mole equivalent of lead tetraacetate per mole of 
aminofluorenol had been added, and the yield decreased on fur- 
ther addition of the oxidant (Fig. 5). This suggested that oxida- 
tion of OFA to the violet product involved the removal of 2 elec- 
trons per mole of the aminofluorenol. When the addition was 
reversed, t.e. when a solution of the aminofluorenol was added to a 
chloroform solution which contained a 2-fold excess of lead tetra- 
acetate, no violet product was formed. Instead, the initially 
straw-colored solution? turned red on addition of the amino- 
fluorenol and a spectral maximum appeared at 445 mu (Curve C, 
Fig. 4). When to this red solution, which was stable for only 
15 minutes, more aminofluorenol was added, the blue-violet 
product, ACHC's 585 my, appeared. If the lead tetraacetate was 


*A solution of lead tetraacetate in dry chloroform is slightly 
vellow. 
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Fig. 4. Spectra of synthetic and biosynthetic FQI. Curve A, 
synthetic FQI (IV); Curve B, product of the oxidation of OFA by 
cytochrome c and cytochrome oxidase; Curve C, showing the pres- 
ence of the intermediate o-quinoneimine (V) formed in the oxida- 
tion of OFA (see text). 


not present in excess during this “reversed” addition the color of 
the solution turned progressively from yellow —> red — green — 
violet as aminofluorenol was added. 

The violet product was formed invariably under conditions 
where the o-aminophenol would be expected: in solution in ap- 
preciable concentration, and its formation could be prevented 
only by the slow addition of OFA to excess oxidant. These ob- 
servations are consistent with the following reaction mechanism: 


OH 
| 
OFA V 
fix 


FQI (IV) 


The violet indophenol, FQI (IV), is a fluorene analogue of the 
biphenyl derivative III and contains a chromophoric system simi- 
lar to that of the blue-violet oxidation product of 2-amino-1- 
naphthol already described (2). The failure of FQI to cyclize 
may be due to the rigidity of the planar fluorene ring system (13) 
which introduces complicating steric factors. The red interme- 
diate which has an absorption maximum at 445 my, but which 
defied all attempts at isolation, is very likely the o-quinoneimine 
V, since 2-imido-1 ,2-fluorenoquinones have absorption maxima 
in the region 463 to 465 my (12). The interpretation of the 
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Fic. 5. The color yield of FQI (IV) in the oxidative titration of 
OFA by lead tetraacetate. 0.155 N lead tetraacetate in glacial 
acetic acid were added in 5 ml. increments to 158 mg. (8.02 K 107? 
mmole) of OFA in 93 ml. of chloroform. 1.0 ml. aliquots were 
withdrawn after each addition and diluted to 5 ml. with 5 per cent 
acetic acid in chloroform. The absorbancies of FQI were meas- 
ured at 587 my and all values were corrected for dilution. 


visible spectrum below 400 my is not possible in Curve C, Fig. 3, 
since lead tetraacetate in chloroform absorbs strongly in this re- 


gion. 
DISCUSSION 


There are several instances recorded in the literature where iso- 
phenoxazones have been isolated from plant (14) and animal 
sources (15). Thus, the actinomycins, the antibiotics derived 
from Actinomyces antibioticus (16), have been shown to contain 
the isophenoxazone chromophore (17). In particular, the struc- 
ture of actinomycin D has been established as the bis-peptide 
derivative of 4 ,6-dimethyl-2-amino-3H-isophenoxazin-3-one-1 ,9- 
dicarboxylic acid, and it has been suggested that the actinomy- 
cins arise via an oxidative dimerization of peptide derivatives of 
3-hydroxy-4-methyl-anthranilic acid (18). 

Likewise, the ommochrome dyestuff extractable from the se- 
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cretions of certain insects (Vanessa urticae) and isolated in crys. 
talline form (15) proved to be an isophenoxazone derived from 
3-hydroxykynurenine (10). It has been proposed that the bio- 
synthesis of this isophenoxazone proceeds through a coupled oxi- 
dation involving 3,4-dihydroxyphenylalanine and_ tyrosinase. 
The “dopaquinone” formed in this system in turn oxidizes the 
3-hydroxykynurenine to the ommochrome. However, isophen. 
oxazone formation from o-aminophenols by direct enzymatic 
oxidation has not previously been observed (19). It has beep 
recognized that the synthesis of isophenoxazones requires 0-qui- 
noneimines as transient intermediates (20). This implies that 
both plant and animal tissues must contain oxidases which per- 
form the initial oxidation of o-aminophenols to o-quinoneimines, 
Isophenoxazones have not as yet been isolated from mammalian 
tissue. The present experiments suggest that their occurrence 
is a distinct possibility since in cytochrome c-cytochrome oxidase 
an enzyme system is available which is capable of oxidizing o0- 
aminophenols directly to the required o-quinoneimines. 


SUMMARY 


1. The terminal products of the oxidation of the o-aminophe- 
nols, 0-aminophenol itself and 3-hydroxy-4-aminobipheny], by 
cytochrome c-cytochrome oxidase have been identified as iso- 
phenoxazones by chemical synthesis. 

2. 1,7- Diphenyl-4-amino-3H- isophenoxazin -3-one has been 
prepared by oxidation of 3-hydroxy-4-aminobipheny] with potas- 
sium ferricyanide. The compound was characterized by ele- 
mental analysis, molecular weight, infrared and electronic spec- 
tra, and by conversion to an acetyl derivative. 

3. 2-Amino- 1 ,4-fluorenoquinone-N‘- (1 -hydroxy-2-fluoreny])- 
imine, the end product of the oxidation of 2-amino-1-fluorenol 
by cytochrome c and cytochrome oxidase, has been obtained by 
chemical synthesis. The products of the enzymatic and the 
chemical oxidation are judged to be identical from a comparison 
of their spectral properties. 

4. Mammalian tissues possess an enzyme system in cyto- 
chrome c-cytochrome oxidase which is capable of catalyzing the 
oxidation of o-aminophenols to isophenoxazones in vitro; the 
possible occurrence of isophenoxazones in mammalian tissues 
has been suggested. 
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Studies on Choline Dehydrogenase* 


I. EXTRACTION IN SOLUBLE FORM, ASSAY, AND SOME PROPERTIES OF THE ENZYME 
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The majority of the dehydrogenases of mammalian mitochon- 
dria are linked to the respiratory chain (cytochrome system) by 
way of pyridine nucleotides. Although the intramitochondrial 
pyridine nucleotide appears to be tightly bound in intact mito- 
chondrial preparations (1) and thus does not function as a mobile 
coenzyme, the requirement of these dehydrogenases for added 
diphosphopyridine nucleotide or triphosphopyridine nucleotide 
is readily demonstrable after their removal from the mitochon- 
drial environment. In contrast, the linkage of certain mitochon- 
drial dehydrogenases to the respiratory chain does not appear to 
involve dissociable coenzymes even after extraction from the 
mitochondria and they were classified as “cytochrome-reducing”’ 
dehydrogenases in the older literature (2). In mammalian cells 
three dehydrogenases in this category have been recognized for a 
long time: succinic, a-glycerophosphate, and choline dehydrogen- 
ases. Besides the criteria mentioned they exhibit two further 
properties: lack of autooxidizability and resistance to extraction 
in soluble form. Since the identification of their prosthetic 
groups and the determination of their mechanism of action re- 
quires highly purified preparations free from other components of 
the respiratory chain, in 1954 our laboratory undertook the solu- 
bilization and isolation of these enzymes. After the isolation of 
succinic (3) and a-glycerophosphoric (4) dehydrogenases, the 
preparation of soluble choline dehydrogenase was undertaken as 
a first step in the isolation and characterization of the enzyme. 

The extraction of choline dehydrogenase! in soluble form from 
acetone powders of rat liver mitochondria by means of choleate 
was claimed by Williams and Sreenivasan in 1953 (5). However, 
Ebisuzaki and Williams (6) later recognized that such prepara- 
tions were dispersions of insoluble particles and that upon re- 
moval of the choleate the enzyme reverted to the insoluble form. 
They also surveyed a large variety of alternative methods for 
solubilization and found that of these only a combination of ultra- 
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' As used in this paper, the term ‘‘choline dehydrogenase”’ de- 
notes the primary dehydrogenase which accepts electrons from the 
substrate; ‘‘choline oxidase’’ denotes the dehydrogenase and the 
components of the cytochrome chain which link it to O2 in partie- 
ulate preparations; and ‘‘choline-cytochrome c reductase’”’ is cho- 
line dehydrogenase plus all components of the respiratory chain 
which link it to externally added cytochrome c. 


sonic disintegration and treatment with n-butanol resulted in a 
soluble preparation (6). However, the very small (<10 per 
cent) yield in this procedure suggested that extensive inactiva- 
tion had occurred. Thus it seemed desirable to devise an alterna- 
tive and milder procedure for the extraction of the enzyme in good 
yield and active form before undertaking its isolation. In a pre- 
liminary note (7), we reported that the use of snake venom phos- 
pholipase A fulfills these criteria and that phenazine methosulfate 
is the only known electron acceptor suitable for the assay of the 
soluble enzyme. The present paper is a detailed account of this 
work. 


EXPERIMENTAL 


Materials and Methods 


Rat liver mitochondria were isolated by the method of Schnei- 
der (8). Phospholipase D was purified from cabbage (9); cro- 
toxin was a gift from Dr. H. Fraenkel-Conrat; and snake venoms 
were obtained from Ross Allen’s Reptile Institute, Silver Springs, 
Florida. Choline chloride was purchased from the Nutritional 
Biochemicals Corporation, and its purity was established by ni- 
trogen determination. The sources of the electron acceptors 
were as in previous studies (10, 11). 

Routine assays of the enzyme were performed by the mano- 
metric phenazine methosulfate method (10) in the presence of 
5 10°? m phosphate, pH 7.6, cyanide, and 3.3 10°? m 
choline at 30 or 38°. All components except the dye were in the 
main compartment of Warburg vessels. After suitable tempera- 
ture equilibration the contents of the side arm were tipped in and 
manometric changes were recorded for the period from 2 to 7 
minutes after tipping. When precise activity determinations 
were desired, the dye concentration was varied and the results 
expressed as Vmax by the double reciprocal method. For rou- 
tine work a dye concentration of 0.5 mg. per ml. was employed. 
All other assays were as previously described (10, 11). 

In routine work the enzyme was extracted by the following 
procedure. Rat liver mitochondrial acetone powder was ho- 
mogenized with 0.3 mM phosphate buffer, pH 7.6, in the cold (50 
ml. per gm. of acetone powder), and centrifuged for 25 minutes 
at 105,000 x g. The precipitate (Residue 1), containing all of 
the dehydrogenase initially present, was resuspended in 3 « 10-3 
M Tris? buffer, pH 7.4, and incubated with Naja naja venom for 
40 to 60 minutes at 30°. The amount of venom to be used was 
determined for each batch of cobra venom and was usually about 
10 mg. per gm. of protein in Residue 1. The suspension was 


2 The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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recentrifuged at 105,000 x g for 25 minutes and the supernatant 
solution, containing the soluble dehydrogenase, was removed. 

Protein was determined by the biuret method (12), with a 
coefficient of 0.095 for 1 mg. protein in a volume of 3 ml., and a 
1-cm. light path at 540 my. Particulate suspensions were clari- 
fied by means of deoxycholate before protein determination. <A 
unit of activity is defined as 1 yl. of O2 uptake per hour at 38° 
in the standard phenazine methosulfate assay and specific ac- 
tivity equals units per mg. of protein. 


RESULTS 


Assay—A variety of electron acceptors have been used in the 
past for the determination of choline dehydrogenase activity, 
including Oz» (electron transport via the cytochrome chain) (13, 
14), cytochrome c (15, 16), ferricyanide (14), and 2,6-dichloro- 
phenolindophenol (5, 6). Electron transport via the respiratory 
chain is clearly not a reliable assay for the dehydrogenase, since 
it depends not only on the presence of the cytochrome chain, but 
also on the intactness of the link between the dehydrogenase and 
the cytochrome system. As to the other acceptors mentioned, 
none of them were known to react directly with the dehydrogen- 
ase and, hence, the degree to which they were capable of regis- 
tering the full activity of the enzyme in any given preparation 
remained to be established. 

In an earlier publication from this laboratory (17), it was 
mentioned that phenazine methosulfate is the electron acceptor 
of choice for the assay of choline dehydrogenase in mitochondrial 
as well as soluble preparations. Table I compares the relative 
activities of commonly used electron acceptors in mitochondrial 
preparations. It may be noted that the reactions with O»2 (cho- 
line oxidase assay) and with externally added cytochrome c meas- 
ure only a part of the activity, as compared with phenazine 
methosulfate; the reaction rate with ferricyanide is still lower, and 
that with methylene blue is almost negligible. The reactions 
with the artificial acceptors are extrapolated velocities at infinite 
dye concentration and are thus not influenced by inhibition at 
high dye concentrations. In fact, at concentrations used experi- 
mentally the rates would be still lower. The use of 2,6-dichloro- 
phenolindophenol presents a special problem, since the depend- 


TaBLeE I 
Relative rates of choline oxidation with various electron acceptors 


Conditions: Rat liver mitochondria prepared with 0.25 m su- 
crose, Qo, = 73 to 116 in the phenazine methosulfate assay at 30°, 


pH 7.3; choline, 3.3 X 10-? M; buffer 5 X 10°? M phosphate, pH 7.3, - 


except in the methylene blue and ferricyanide assays where Tris 
and NaHCO; buffers were employed at the same pH; temperature, 
30°. Cyanide (1 X 107% M) was present in all assays except with 
as the acceptor. The cytochrome c and indophenol assays were 
spectrophotometric; all others were manometric. All measure- 
ments are based on initial rates and were calculated as moles of 
substrate removed per unit of time. Rates are Vmax except with 
O: and indophenol as acceptors (see text). 


Electron acceptor Relative rate 
Phenazine methosulfate................ 100 
2,6-Dichlorophenolindophenol.......... 27 
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ence of the measured rate on dye concentration is so extreme that 
extrapolation to Vmax may lead to irrational values (Fig. 1), 
For this reason, the value given in Table I for the indopheno] 
dye refers to the highest concentration which was feasible under 
the experimental conditions. Clearly, the extremely high slope 
shown in Fig. 1 renders the use of this dye impractical for the 
assay of the dehydrogenase. In contrast, the reaction rate with 
phenazine methosulfate varies only moderately with the dye con- 
centration (Fig. 2). 

Upon conversion of the mitochondria to an acetone powder 
or solubilization of the enzyme, the reactions with the respiratory 
chain, with added cytochrome c, and with ferricyanide are com- 
pletely abolished. The last fact is in contrast to succinic 
dehydrogenase, which retains an appreciable reactivity with fer- 
ricyanide upon solubilization (18). The reactivity of choline 
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DYE CONCENTRATION 


Fic. 1. Variation of rate of choline oxidation with dye concen- 
tration in the 2,6-dichlorophenolindophenol assay. Abscissa, re- 
ciprocal dye concentration, in ml. of 0.02 per cent dye per ml. of 
reaction mixture; ordinate, reciprocal velocity, expressed as AE 60 
per minute, corrected for endogenous blank rate. Conditions, as 
in ‘‘Materials and Methods,”’ except that temperature was 30°, 
and 0.39 mg. of rat liver mitochondrial protein was present in each 
cuvette. Dye reduction was followed in a recording spectropho- 
tometer for 1 minute at various wave lengths to permit wide varia- 
tion in dye concentration and calculated for 600 mu (11). 


V 

2 25 


DYE CONCENTRATION 


Fig. 2. Variation of rate of choline oxidation with dye concen- 
tration in the phenazine methosulfate assay. Abscissa, reciprocal 
dye concentration in ml. of 1 per cent dye per 3 ml. of reaction 
mixture; ordinate, reciprocal velocity in umoles of choline oxidized 
per hour per mg. of protein. Standard assay at 30°; 7.8 mg. of 
mitochondrial protein per vessel. 
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dehydrogenase with phenazine methosulfate is fully retained un- 
der these conditions, again in contrast to succinic dehydrogenase, 
which has two reaction sites with phenazine methosulfate in re- 
spiratory chain preparations, only one of which is retained on 
solubilization (19). 2,6-Dichlorophenolindophenol is the only 
other acceptor studied which is active in soluble preparations, 
but its relative activity has not been ascertained for the reasons 
mentioned above. 

Since at very high concentrations of phenazine methosulfate 
the dye is inhibitory and since the rate varies measurably with 
dye concentration, extrapolation to Vmax is recommended for 
the most accurate results. However, in routine assays at a fixed 
concentration of 0.5 mg. of dye per ml. a close approximation of 
the Vinax May generally be obtained. 

Preparation of Soluble Enzyme—The successful use of phospho- 
lipase A by Ringler and Singer (4) for the solubilization of the 
“eytochrome-reducing” a-glycerophosphate dehydrogenase, an 
enzyme which resisted all other methods of extraction examined, 
suggested a study of this method for the solubilization of choline 
dehydrogenase. It became soon evident that under suitable 
conditions essentially complete extraction of the dehydrogenase 
could be obtained with either cobra venom (V. naja) or rattle- 
snake venom (Crotalus terrificus) as the source of phospholipase 
A. Typical experiments showing solubilization of the enzyme 
from fresh mitochondria and from acetone powders thereof are 
reproduced in Tables II and III, respectively. The use of ace- 
tone powder as a starting material offers a dual advantage. 
First, the enzyme may be converted to an acetone powder with- 
out loss of aetivity and is then very stable to storage; and second, 
conversion to acetone powder renders many of the proteins in 
rat liver mitochondria readily extractable, while choline dehy- 
drogenase remains insoluble (5). Thus, preliminary extraction 
with phosphate buffer leaves behind a residue with much higher 
specific activity than the starting material, and on subsequent 
solubilization an 8- to 10-fold purification is achieved as com- 
pared with the original mitochondria, whereas solubilization of 
fresh mitochondria leads to only a 2- to 3-fold purification. 

The extent of solubilization is a function of the nature of the 
buffer, ionic strength, the ratio of venom to mitochondrial pro- 
tein, and time and temperature of incubation. The conditions 
listed in Table III were found to be best for rat liver mitochon- 
drial acetone powders and NV. naja venom. With other sources 
of the dehydrogenase and of the phospholipase, optimal condi- 
tions would have to be redetermined. Thus, with C. terrificus 
venom solubilization was nil at high (0.3 mM) phosphate concen- 
tration, whereas with cobra venom this medium was not unsatis- 
factory (Table II). Mitochondria prepared in the presence of 
ethylenediaminetetraacetate should be freed from this reagent, 
as it inhibits the action of cobra venom phospholipase completely 
at 10-3 m concentration. 

An increase in the total choline dehydrogenase activity of mi- 
tochondrial acetone powders upon extraction with phosphate 
buffer (Table III) was regularly encountered. The reason for 
this is not known, but it may be the consequence of the removal 
of inhibitory material. On the other hand, the partial inactiva- 
tion upon incubation with snake venom (Table III), which did 
not occur if the venom was omitted from the incubation mixture, 
was often observed. In some instances, particularly with fresh 


mitochondria (Table IJ), little or no inactivation occurred. 
The claim that treatment with snake venom results in soluble 
preparations of the dehydrogenase is based on the following ob- 
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TaBLe II 
Solubilization of choline dehydrogenase from fresh mitochondria 


Conditions: Fresh rat liver mitochondria suspended in 0.3 M 
phosphate, pH 7.3, at a protein concentration of 22.1 mg. per ml. 
were treated with Naja naja venom (0.043 mg. per mg. of mito- 
chondrial protein) for 1 hour at 30°. After removal of an aliquot 
for assay, the suspension was ultracentrifuged for 20 minutes at 
144,000 X g and the supernatant solution was reassayed (38°, 
phenazine methosulfate method). 


Treatment activity | | Recovery 
Fresh mitochondria............. 21,200 61.8 | 
After 60 minutes of incubation’ | 
with venom..................| 23,200 65.4 100 
Ultracentrifuged supernatant | 
Tasie 


Solubilization of choline dehydrogenase from 
mitochondrial acetone powder 


Conditions: 2.9 gm. of rat liver mitochondrial acetone powder 
were extracted with 145 ml. of 0.3 m phosphate, pH 7.6, centrifuged 
at 105,000 X g for 25 minutes, and the inactive extract was dis- 
carded. The residue, resuspended in 3 X 1073 m Tris, pH 7.4, was 
incubated with 10 mg. of Naja naja venom per gm. of protein in 
Residue 1 at 30° for 40 minutes. After removal of an aliquot for 
assay the suspension was centrifuged for 25 minutes at 105,000 X gq. 
Assays as in Table IT. 


| Total | Total Solubili- 


Land 
Treatment activity protein | Yield | zation 
uniis mg. | 
Mitochondrial acetone | 
ene ees 11,270 | 1,373 | 82.1 | 


after phosphate | 
16,510 377 | 438 | 146 | 


Same 
extraction........... 
Suspension after incuba- 


tion with venom...... 10,819 | 377 287 | 96 
Supernatant — solution | | 

after ultracentrifuga- | | 

9,943 | 163;610 | 88 | 92 
servations. The resulting solutions were optically clear and 


remained so on extensive dialysis and repeated freezing and 
thawing, procedures which usually cause the reversal of extracts 
obtained by the use of surface active agents to the insoluble state. 
Upon ultracentrifugation at 144,000 x g for 1 hour, 9 per cent 
(Table IV) or less of the activity was sedimented. Finally, the 
extract could be fractionated with (NH,4)2SO, and dialyzed in the 
manner of a soluble protein. 

It appears probable that phospholipase A is the active agent 
in snake venoms in view of the following. Crystalline crotoxin, 
a relatively highly purified form of phospholipase A (20) was 
fully active; high concentrations of phosphate ions in the absence 
of monovalent anions completely prevented the solubilization by 
Crotalidae venom: such conditions inhibit the action of phos- 
pholipase A in this venom;? and after heat inactivation (15 min- 
utes at 100°, pH 5.9) of N. naja venom much of its solubilizing 
activity remained, in accord with the report that the phospho- 
lipase of snake venom is relatively thermostable (21). 


3R.L. Ringler, and T. P. Singer, unpublished data. 
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TaBLe IV 
Behavior of choline dehydrogenase in ultracentrifuge 
Conditions:7.7 ml. of an enzyme solution, isolated as described 
in Table III, were ultracentrifuged for 1 hour at 1° at 144,000 X g. 
The supernatant solution and the resuspended red-brown pellet 
were assayed as described in Table II, except that 30° was the 
temperature of the assay. 


Distribution of 


Fraction Total activity activity 
unils % 
Before ultracentrifugation........ | 11,910 100 
Supernatant layer................ 9,910 84 
Sedimented layer................. | 1,091 i) 


6.5 70708085 
pH 


Fig. 3. Variation of activity with pH. Abscissa, pH of reac- 
tion mixture at 38°; ordinate, wl. of O2 uptake per 5 minutes per 
ml. of enzyme in the standard phenazine methosulfate assay. Re- 
action period, 5 minutes; enzyme, soluble preparation, 16.4 mg. 
per ml., O, in 5 X 10°? M phosphate; @, in 5 K 10°? m Tris plus 
3X 10°? m phosphate. The latter values are corrected for the 
slightly lower activity in Tris buffer. 


Stability—The dehydrogenase appears to be stable to storage 
in the cold for prolonged periods in mitochondrial acetone pow- 
ders. Unlike succinic dehydrogenase (3), it is not significantly 
more stable in the particulate than in the soluble state. Thus, 
on 6 days of storage at —15°, pH 7.4, the loss of choline dehy- 
drogenase activity (phenazine methosulfate assay) in mitochon- 
dria and in extracts was 20 and 13 per cent, respectively. Re- 
peated freezing and thawing of the soluble enzyme appears to 
cause some inactivation. In one experiment 25 cycles of freez- 
ing and thawing resulted in 40 per cent inactivation, without 
precipitation of the enzyme. Heating of an extract for 3 minutes 
at 60° at neutral pH entailed 63 per cent inactivation and cau- 
tious adjustment to pH 5 at 0° with acetic acid, followed by im- 
mediate neutralization, caused complete inactivation. 

Effect of pH on Activity—At 30° the pH optimum is in the 
range of pH 7.6 to 8.2 in the phenazine methosulfate assay (Fig. 
3) and the activity falls off rapidly on the acid side of this range. 
At pH 6.7 to 6.8, the value recommended by other investigators 
for the assay of the enzyme by different procedures (13, 22), only 
about 60 per cent of the activity is measured. 

Effect of Substrate Concentration—In the phenazine metho- 
sulfate assay the K,, for choline is 7 + 1 X 10-* mM at pH 7.6 and 
38° (Fig. 4), which is significantly higher than the values re- 
corded in the literature (1.2 to 2.9 K 10-* m at pH 7.4, 37°) (14, 
23), in accord with the fact that in the present work the sub- 
strate concentration and not the reactivity with the electron 
carrier was the limiting factor. 
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V ° 
0.08; 


0.06 
0.04 


0.02 


x10" 


Fig. 4. Variation of activity with choline concentration. Ab- 
scissa, reciprocal molarity of choline, average concentration dur- 
ing experiment; ordinate, reciprocal velocity in wl. per 5 minutes. 
Conditions: Standard assay at 38°, pH 7.6; soluble enzyme, 1.45 
mg. of protein per vessel. 


300 
WITH 

200+ DPN 

= NO 

DPN 


MINUTES 


Fic. 5. Kinetics of DPN effect on choline oxidation by rat liver 
mitochondria. Conditions: 5 X 10°? Mm phosphate, pH 7.6; 3.3 X 
10-2 m choline; 7.9 mg. of mitochondria (4 days old, kept frozen); 
temperature, 30°. The vessels indicated contained 1.7 X 10°! 
DPN and 5 X 10-3 M nicotinamide. Substantially, the same re- 
sults were obtained with fresh mitochondria. 


Cofactors—Both DPN and FAD have been reported to stimu- 
late the oxidation of choline in rat liver mitochondria (15, 24). 
In the experiments of Strength et al. (24) the stimulatory effect 
of added DPN was demonstrated in mitochondrial preparations 
largely, but not entirely, freed from betaine aldehyde dehydrogen- 
ase. The effect was demonstrated as an increase in total O, 
uptake in experiments of 60 minutes’ duration. Since the extra 
OQ. uptake elicited by added DPN exceeded that due to the oxi- 
dation of authentic betaine aldehyde, they reasoned that, al- 
though betaine aldehyde dehydrogenase is a DPN enzyme (25), 
the stimulation by DPN must have represented a direct effect 
of the coenzyme on choline oxidase. 

When the kinetics of the DPN effect on choline oxidase are 
examined (Fig. 5), it becomes evident that the increase in the 
rate of O2 uptake with added DPN is initially almost negligible 
and increases with time and, further, that it represents primarily 
a maintenance of the initial rate in the DPN samples, whereas 
the controls decline gradually. Since betaine aldehyde is a 
powerful inhibitor of choline dehydrogenase (26) whereas its oxi- 
dation product, betaine, is not, the stimulation of choline oxidase 
may now be explained as an activation of betaine aldehyde de- 
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hydrogenase, resulting in (a) increased O, uptake owing to oxi- 
dation of the aldehyde, and (6) removal of the inhibitory alde- 
hvde and consequent protection of choline dehydrogenase. 
Soluble choline dehydrogenase, which is free from the aldehyde 
dehydrogenase, can neither reduce DPN with choline as a sub- 
strate nor oxidize DPNH with betaine aldehyde as electron 
donor. 

FAD at high concentrations and in the presence of Mg*+ has 
been reported to stimulate the choline-cytochrome c reaction in 
mitochondria which had lost most of their choline-cytochrome c 
reductase activity on extensive dialysis against 0.25 mM sucrose 
(15). As documented elsewhere (27), an attempt to repeat these 
experiments was unsuccessful: dialysis resulted in a negligible 
decline in choline-cytochrome c reductase and FAD + Mgt+ 
failed to stimulate the activity of either dialyzed mitochondria 
or of purified soluble preparations. It may be concluded that 
choline dehydrogenase requires no readily dissociable coenzyme 
for activity, but the results have no bearing on the possible pres- 
ence of tightly bound coenzymes. 

Other Properties—Other characteristics of the enzyme rele- 
vant to the determination of its activity are as follows. Unlike 
the succinic dehydrogenase of animal tissues (28), which it re- 
sembles in many other respects, choline dehydrogenase does not 
appear to be activated by the substrate. At 30 or 38° the reac- 
tion rate declines much faster in the choline dehydrogenase 
(phenazine methosulfate) assay than in the choline oxidase assay, 
as expected from the facts that choline dehydrogenase is an —SH 
enzyme (29) and that the cyanide present in the reaction mixture 
offers only incomplete protection against the action of the HO. 
produced in the reoxidation of phenazine methosulfate (10). 
Consequently, a short (5 minute) assay period is recommended. 

Mitochondrial preparations oxidize choline by way of the re- 
spiratory chain equally well with or without added cytochrome 
c, although succinate oxidation by the particles is greatly stimu- 
lated by supplementation with cytochrome c (Table V). 


DISCUSSION 


As in the case of succinic dehydrogenase, successful solubiliza- 
tion of choline dehydrogenase required a reliable assay method 
for the primary dehydrogenase and a technique for liberating the 
enzyme from the lipoproteins to which it appears to be bound in 
mitochondria, without attendant inactivation. Like the succinic 
and a-glycerophosphate dehydrogenases of animal tissues (4, 17), 
soluble preparations of choline dehydrogenase, separated from 
the cytochrome chain, react best with phenazine methosulfate as 
acceptor. Unlike succinic dehydrogenase, however, which re- 
tains one of its reaction sites with ferricyanide on solubilization 
(19) and has a broad specificity for electron donors in the direc- 
tion of fumarate reduction, which may be employed in its assay 
(18), and unlike a-glycerophosphate dehydrogenase which re- 
tains its full activity toward ferricyanide in soluble preparations, 
choline dehydrogenase does not react with ferricyanide in soluble 
preparations and so far no satisfactory electron donor has been 
found to follow its possible activity in the direction of betaine 
aldehyde reduction. Since, for the reasons set forth in this paper, 
the indophenol assay is not considered reliable, as pointed out 
earlier (17) and recently confirmed by Korzenovsky and Auda 
(30), at present the phenazine methosulfate provides the only 
known satisfactory assay for choline dehydrogenase. 

The loss of reactivity with ferricyanide appears to be a direct 
result of the separation of the dehydrogenase from the respira- 
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TABLE V 
Effect of added cytochrome c on succinoridase and choline 
oxidase activities of rat liver mitochondria 
Conditions: Rat liver mitochondria, isolated in 0.25 m sucrose, 
7.5 mg. per vessel; 5 X 107? mM phosphate, pH 7.6; 3.3 X 10-2 Mm cho- 
line or 2 X 107? M succinate; cytochrome c, where added, 1.25 mg.; 
total volume, 3 ml.; temperature, 30°; reaction period, 5 minutes. 


Additions O2 uptake Qos 

pl. 
| 15.6 24 
Choline + cytochrome c.......... | 17.0 26 
Succinate + cytochrome c....._.. | 119.0 183 


tory chain, since solubilization of the enzyme from fresh mito- 
chondria with phospholipase A is attended by immediate loss of 
the choline-ferricyanide (and of the choline-cytochrome c) reac- 
tions. Alternate methods of extraction also entail complete loss 
of activity toward ferricyanide (30), and, in fact, it has been 
claimed that a separate enzymatic component is required for 
linking choline dehydrogenase to ferricyanide (31), similarly to 
the choline dehydrogenase-neotetrazolium reaction (32). If such 
a factor indeed exists, it would have to intercept electron trans- 
port below the level of cytochrome c, since in mitochondria the 
choline-ferricyanide reaction is insensitive to antimycin A, 
whereas the choline-cytochrome c reaction is abolished by this 
reagent (26). 

In regard to methods which lead to extraction of the enzyme in 
soluble form, choline dehydrogenase differs sharply from succinic 
dehydrogenase, which is readily extractable from solvent-ex- 
tracted mitochondria with alkaline buffers (17, 33), and it re- 
sembles a-glycerophosphate dehydrogenase, which is not ex- 
tracted by this treatment but is readily liberated under the 
influence of phospholipase A (4). Shortly after the authors’ note 
on the preparation of soluble choline dehydrogenase was sub- 
mitted for publication there appeared a report on the solubiliza- 
tion of choline dehydrogenase from rat liver by the use of the 
nonionic detergent isoéctylphenoxypolyethoxyethanol (30). 
The enzyme extracted by this method is reported not to sediment 
in 1 hour at 144,000 x g. It remains to be determined whether 
the enzyme in such extracts is in true solution and amenable to 
purification, however, since detergents are known to form very 
stable complexes with proteins, which do not readily dissociate 
on dialysis, and do not sediment in high centrifugal fields but, 
at least in some cases, prevent the fractionation of proteins by 
conventional methods. 

The effectiveness of phospholipase A in liberating choline de- 
hydrogenase in soluble form, as compared with numerous other 
methods (5, 6), lends considerable support to the hypothesis that 
the cytochrome-reducing dehydrogenases are linked to the cyto- 
chrome chain by way of phospholipide bridges. A closer study 
of the specificities of the phospholipases effective in solubilizing 
the enzyme may lead to a clue to the mode of attachment of the 
enzyme to the cytochrome chain. In preliminary studies it has 


already been ascertained that phospholipase D, which liberates 
the nitrogenous base in phospholipides, and the phospholipase A 
of Crotalus adamanteus, which acts on the same bond as the phos- 
pholipase A of NV. naga venom employed here but has a different 
specificity toward the fatty acid residues (34), are completely 
ineffective in solubilizing choline dehydrogenase. 
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In view of the probability that the active component of snake 
venoms in solubilizing choline dehydrogenase is phospholipase A, 
the observation of Braganca and Quastel (35) that fresh as well 
as boiled cobra venom rapidly inactivates ‘‘choline oxidase” may 
be clarified. The authors interpreted their results as indicating 
that the thermostable phospholipase A was the agent responsible 
for the inactivation and that the latter was due to the “enzymic 
degradation of mitochondrial structures upon whose integrity or 
particular spatial configuration the enzyme systems... depend 
for their optimal activities” (35). As already discussed, the 
action of cobra venom phospholipase A effectively abolishes the 
choline dehydrogenase-ferricyanide reaction without inactivating 
the dehydrogenase itself (Table II). Therefore, in the main, the 
conclusions of Braganca and Quastel are correct, except that the 
phospholipase A interrupts only the flow of electrons to the elec- 
tron transport system but does not affect the primary dehydrogen- 
ase. 


SUMMARY 


1. The assay of choline dehydrogenase activity in mitochon- 
drial as well as soluble preparations with phenazine methosulfate 
as acceptor has been described. Electron acceptors employed 
in the past for the assay of this enzyme (cytochrome c, ferricya- 
nide, methylene blue, and 2,6-dichlorophenolindophenol) either 
do not react directly with the dehydrogenase and consequently 
measure a variable part of its activity, or they are unreliable 
because of the extensive dependence of the measured activity on 
dye concentration. 

2. Choline dehydrogenase has been brought into solution in 
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good yield by a mild procedure involving treatment of mito- 
chondria or acetone powders thereof with certain snake venoms, 
Evidence has been presented that the active component in liber- 
ating the dehydrogenase in soluble form is phospholipase A. 

3. The process appears to depend on the point of attack and 
on the structural specificity of the particular phospholipase, since 
plant phospholipase D and the phospholipase A of certain venoms 
are inactive, whereas the phospholipase A of other venoms is 
active in dissolving the dehydrogenase. 

4. Upon treatment with phospholipase A the reactions of the 
dehydrogenase with cytochrome c and ferricyanide are abolished, 
probably as a result of the uncoupling of the enzyme from the 
factors linking it to these acceptors in respiratory chain prepara- 
tions. 

5. The enzyme extracted by this means does not sediment at 
144,000 x g for 1 hour and does not precipitate on repeated 
freezing and thawing or on prolonged dialysis. 

6. Contrary to claims in the literature, choline dehydrogenase 
is not stimulated by flavin adenine dinucleotide or diphospho- 
pyridine nucleotide, even after extensive dialysis, in either solu- 
ble or mitochondrial preparations. The apparent stimulation of 
the dehydrogenase by added diphosphopyridine nucleotide in 
assays involving the respiratory chain (choline oxidase) has been 
explained as an indirect effect involving the activation of betaine 
aldehyde dehydrogenase, with consequently increased rate of 
O, uptake and removal of the aldehyde which is inhibitory to 
choline dehydrogenase. 

7. Some properties of the soluble dehydrogenase have been 
described. 
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Horse-radish peroxidase in the presence of hydrogen peroxide 
has been reported to act directly upon tyrosine, tryptophan, and 
cystine, but no reaction products have thus far been identified 
(1). Tyrosine is of special interest since it has been suggested 
(1, 2) that the inactivation of certain biologically active proteins 
by peroxidase depends in part upon oxidation of tyrosyl groups 
present in the protein. In this investigation, the first reaction 
product of tyramine, horse-radish peroxidase, and hydrogen 
peroxide has been shown to be 2,2’-dihydroxy-5 , 5’-bis(6-ethyl- 
amino) diphenyl (1), referred to as dityramine. Tyrosine under- 
goes a similar oxidation to form dityrosine as indicated by 
chromatographic, ultraviolet absorption and fluorescence data. 
Both products are chemically analogous to di-p-cresol (2 ,2’-di- 
hyvdroxy-5,5’-dimethyldiphenyl) isolated by Westerfeld and 
Lowe (3) from the reaction of p-cresol, peroxidase, and hydrogen 
peroxide. Prolonged action by peroxidase upon tyramine or 
tyrosine yields further reaction products, including a possible 
tripheny] derivative, and a brown amorphous pigment as an end 
product. 

Tyramine — (Compounds I, II, and III) — Pigment 


Other phenolic substances related to tyramine have been found 
also to undergo oxidation to dipheny] derivatives. 


EXPERIMENTAL 


A 1.0-gm. sample of tyramine hydrochloride was dissolved in 
910 ml. of water, and 50 ml. of 0.1 per cent hydrogen peroxide 
were added, followed by 40 mg. of horse-radish peroxidase (Lilly, 
activity = 72 P.Z. units) dissolved in 40 ml. of water. The pH 
was adjusted to 9.2 with 6 N NaOH, and the mixture was in- 
cubated for 8 to 12 hours at 37°. A brown pigment formed, 200 
mg., which was filtered. Chromatograms of the mixture and of 
the products of a similar reaction with tyrosine demonstrated the 
presence of new ninhydrin-positive fluorescent substances (Fig. 
1). The slightly acidified, filtered reaction mixture was evapo- 
rated nearly to dryness, treated with 1 gm. of Darco G-60 char- 
coal, refiltered, and brought to dryness in intimate mixture with 
3 gm. of Whatman No. | cellulose powder. Then 200 mg. of 
this mixture were placed on a cellulose powder column (41 xX 1 
em.) and eluted with a solvent consisting of n-butanol, formic 
acid (88 per cent), and water, (80:10:10). Fractions examined 
at 275 my with a Beckman DU spectrophotometer showed a 
separation pattern similar to the paper chromatogram (Fig. 1). 


* Supported by Research Grant A-1680 from the National Insti- 
tutes of Health, United States Public Health Service. 

t Postdoctorate Fellow of the National Foundation for In- 
fantile Paralysis. Present address, Creedmoor State Hospital, 
Queens 27, New York. 


The fractions containing Compound I were combined, and each 
100-ml. aliquot was shaken twice with 25 ml. of water. Dis- 
solved butanol was removed by shaking the aqueous extract 
twice with 25 ml. of ether. The residual ether was evaporated 
under reduced pressure and the final aqueous extract was ly- 
ophilized or kept for the preparation of chemical derivatives. 

Identification of Compound I—The lyophilized extract yielded 
a white powder (Compound I-HCl) which rapidly turned brown 
in air and was very hygroscopic. Compound I-HCl was found 
to be similar to tyramine hydrochloride in solubility, and also 
gave positive ninhydrin and Millon’s tests. The melting point 
was 210-235° with decomposition, and the fluorescence under 
ultraviolet light was blue. The ultraviolet absorption spectrum 
(Fig. 2) showed a maximum at 284 my (acid) and 316 my (basic) 
with molecular extinction coefficients of 4510 and 5790, respec- 
tively. 

Compound JI-HCl was purified by dissolving it in absolute 
ethanol, precipitating it with ether, and repeating this procedure 
several times. 


Analysis of Compound I-HCl (CsH,;,;NOC1) 
Calculated: C 55.66, H 6.42, N 8.11, Cl 20.54 
Found: C 55.42, H 6.69, N 7.85, Cl 20.26 


Tetrabenzoate (Compound IV)—The O,0’,N ,N’-tetrabenzoy] 
derivative (Fig. 3) of dityramine was prepared by the Schotten- 
Baumann method by shaking 100 ml. of aqueous extract with 0.5 
ml. of benzoyl chloride and 11 ml. of 2 N NaOH in the cold for 
10 minutes, and then allowing the mixture to stand for 15 minutes 
at room temperature. For purification, the crude substance was 
passed through an alumina column with ethyl acetate as solvent, 
and the ultraviolet absorbing material was recovered. Re- 
crystallization from 75 per cent ethanol produced long, white, 
translucent needles; m.p. 196.5° (corrected). The tetrabenzoate 
was insoluble in water, moderately soluble in methanol and 
ethanol, and readily soluble in acetone, ethyl acetate, chloroform, 
and ether. 


Analysis of tetrabenzoate (CyH3gN 
Calculated: C 76.73, H 5.27, N 4.07, mol. wt. 689 
Found: C 76.77, H 5.46, N 4.03, mol. wt. 785 (Rast) 


Methyl Sulfate Derwative (Compound V)—To 50 ml. of aqueous 
extract of Compound I cooled to 0°, 6 gm. of NaOH in 10 ml. of 
water were added followed by the dropwise addition of 12 ml. 
of dimethy] sulfate during a period of 8 to 10 hours with constant 
stirring. The reaction mixture was gently shaken with 650 mg. 
of Darco G-60 charcoal and allowed to stand 10 minutes. The 
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Fiac. 1. Descending paper chromatograms of peroxidase-tyra- 
mine (A) and peroxidase-tyrosine (B) systems. fp values are 
given for tyramine (Ta) and tyrosine (To) spots. Solvents em- 
ployed: for (1), n-butanol-formic acid (88 per cent) water, (75: 
10:15); for (2), n-butanol-acetice acid-water, (55:15:30). All spots 
were ninhydrin positive, and except for Ta and To which absorbed 
ultraviolet light, all showed blue fluorescence under ultraviolet 
light. 


230 270 310 350 
Fig. 2. The ultraviolet absorption spectra of Compound II in 
water as a function of pH. 
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OH HO 
NH2 NHo2 
OBz BzO CH30 
CHo CHo CHo CHa 
CH> CH> 
NH NH N(CH3),+ N(CHg3), + 
Bz Bz CH3S0,4- CH3SQ0,4- 
Ww 
OCH, CH,0 OCH, 
CH,00C COOCHS HOOC COOH 
wz 


Fic. 3. Derivatives of Compound I and degradation leading to 
proof of structure. Bz = benzoyl group. 


charcoal was centrifuged, gently washed three times with 10 ml. 
of water, and then eluted with four 10-ml. portions of absolute 
ethanol. The ethanol was evaporated to dryness and the deriva- 
tive recrystallized from hot absolute ethanol. Hygroscopic, 
translucent, cigar-shaped crystals were obtained; m.p. 225° 
(corrected). The solubility characteristics were found to be 
similar to those of tyramine hydrochloride. The methyl sulfate 
derivative (Fig. 3) fluoresced under ultraviolet light. The ultra- 
violet absorption maximum was 283 my and the molecular extine- 
tion coefhicient was 6070. 


Analysis of methyl sulfate derivative (CogHayN 
Calculated: C 51.30, H 7.29, N 4.60, 8 10.53, CH;0 10.20 
Found: C 51.16, H 7.52, N 4.27, S 10.35, CH;O0 11.03 


Oxidation of Methyl Sulfate Derivative and Methylation—The 
methyl sulfate derivative (Compound V) was subjected to oxida- 
tion by refluxing 25 mg. of Compound V with 100 mg. of KMnO, 
in 2 ml. of water together with 0.5 ml. of 0.1 N NaOH for 1.5 


hours, and then adding a few milligrams of NaHSO; to decolorize 


the solution. The resulting dicarboxylic acid (Compound VI) 
(see Fig. 3) was purified by repeated solution in 0.1 N NaOH and 
precipitation with a few drops of 6 N H»SO,y. Upon drying, a 
few milligrams of a white amorphous compound were obtained; 
m.p. 300° (decomposition point). The acid was dissolved in a 
few drops of methanol and methylated by addition of diazometh- 
ane in ether (10 mg. per ml.) until evolution of nitrogen gas 
ceased. The ether was evaporated, and the derivative recrystal- 
lized several times from the ethanol-water mixture until white, 
rhombic crystals were obtained; m.p. 173° (corrected). The 
compound, 2 ,2’-dimethoxy-5, 5’-dicarbomethoxydiphenyl, (VII) 
(see Fig. 3), was insoluble in water, readily soluble in alcohol, 
acetone and ether, and fluoreseed under ultraviolet light. Syn- 
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thesis of Compound VII has been reported by Sugii (4) and 
Gilman et al. (5). 


Analysis of methyl ester (Compound VII) (CisHsO<¢) 
Calculated: C 65.45, H 5.49 
Found: C 65.89, H 5.49 


Separation of Compound II-HCl and Tyramine Pigment— 
Compound II-HC] was isolated in the same manner as described 
for Compound I-HCl. Compound II-HClI was a water soluble, 
hygroscopic compound unstable in air and in alkaline solution. 
The melting point was indeterminate with decomposition. _Com- 
pound II-HCl produced a yellow color with Millon’s reagent and 
was ninhydrin-positive. It fluoresced under ultraviolet light, 
its ultraviolet absorption spectrum (Fig. 4) was similar to that 
of Compound I. No crystalline benzoyl derivatives were ob- 
tained in several attempts. On the other hand, it was possible 
to methylate Compound II by the procedure used with Com- 
pound I. The few milligrams of product were purified by 
solution in ethanol followed by precipitation with ether. The 
methylated derivative is characterized by a strong absorption 
maximum at 283 my and a minimum at 260 mu. Elementary 
analyses of this compound, although consistent with a terpheny] 
structure for Compound II, are inconclusive because the sample 
was contaminated with salt. From the properties described, it 
is possible that Compound II may have a terpheny! structure 
analogous to the tri-p-cresol compound described by Westerfeld 
and Lowe (3) in the reaction of peroxidase with p-cresol. 

The tyramine-peroxidase reaction also produced 200 mg. of a 
brown pigment which precipitated irreversibly in the pH range 
8.5 to 10.5. After hydrolysis of the pigment with 6 nN HCl, 
chromatography revealed that the hydrolysate contained Com- 
pounds I and IT as indicated by Rr values and fluorescence data. 
The pigment was not homogeneous as was revealed by analyses 
of two different samples. 


Sample a: C 59.17, H 6.32, N 7.32, O 27.19 
Sample b: C 65.52, H 5.95, N- 8.68, O 19.85 
Tyramine: C 70.04, H 8.02, N 10.21, O 11.73 


The increased oxygen content as compared with tyramine indi- 
cated that aerobic oxidation occurs during the polymerization, 
since more oxygen was present in the pigment than could be 
accounted for by the hydrogen peroxide supplied initially. The 
nitrogen lost was not detectable as free ammonia. The high 
proportion of oxygen in the pigment apparently results from a 
nonenzymatic autoxidation which occurs during the polymeriza- 
tion. This view is supported by the observation that dityramine, 
free from peroxidase and peroxide, undergoes a rapid autoxida- 
tion to a brown pigment when exposed to air. The pigment 
produced in the tyramine-peroxidase system seemed to be com- 
posed of monomers similar to Compounds I and II, as well as 
more highly oxidized substances, all of which were tightly bound 
into a nonhomogeneous polymer. 

Action of Peroxidase on Compounds Similar to Tyrosine—To 
determine the general nature and specificity of diphenyl forma- 
tion by peroxidase, various substrates related to tyrosine were 
used. The reaction conditions described earlier were used with a 
10-fold increase in peroxidase level. After incubation, the mix- 
tures were chromatographed and the major products examined 
for fluorescence (Table I). With the exception of diiodotyrosine 
and methyl salicylate, all substrates with free phenolic groups 
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MILLIMICRONS 


Fic. 4. The ultraviolet absorption spectrum of Compound I in 
water as a function of pH. 


TABLE I 
Products of peroxidase action on compounds related to tyrosine 


Re of Fluorescence of 
formed substrates ultraviolet Tight 
Phenylalanine. .... None 0.48 
p-Methoxypheny1- 
.... None 0.58 
Glycyltyrosine. . Yellow 0.41 0.12 4- 
Tyrosine ethyl es- 
Yellow 0.60 0.19 + 
N-formyltyrosine..| Pink 0.75 0.68 + 
N-formyltyrosine 
ethyl ester....... Orange 0.91 0.79 + 
Diiodotyrosine. ... . Brown 0.65 0.37 | Absorbs ultra- 
violet light 
Methyl salicylate. .| None 0.91 Absorbs ultra- 
violet light 
Yellow 0.38 0.15 | Absorbs ultra- 
violet light 
Tyramine..........| Yellow- 0.49 0.21 | Absorbs ultra- 
brown violet light 


* Solvent employed was n-butanol-formic acid (88 per cent)- 
water (55:15:30). 


reacted to yield fluorescent products, suggesting diphenyl! forma- 
tion. In all cases, the major products moved more slowly than 
the original substrates on the chromatograms. 

Dihydric phenols follow a different pathway of oxidation with 
peroxidase. o0-Quinones are formed which undergo polymeriza- 
tion (6). 

The tyrosyl groups in bovine fibrinogen, insulin, and pepsin 
were found to be unreactive with external tyrosine or tyramine 
in the presence of peroxidase and hydrogen peroxide, nor could 
one tyrosyl group form a diphenyl linkage with another tyrosyl 
group in the protein. 


DISCUSSION 


Studies by Pummerer et al. (7), of the oxidation of phenols with 
various inorganic electron-abstracting agents showed that inter- 
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Fig. 5. A possible mechanism for dityramine formation from tyramine by the peroxidase-hydrogen peroxide system. 


mediate free radicals were involved in the reaction. Free radical 
formation has long been associated with the formation of di- 
phenyl compounds (8). The mode of peroxidase-dityramine 
formation which is suggested in Fig. 5 is in agreement with the 
Pummerer and Rieche (9) reaction sequence for the formation 
of di-8-naphthol from the 6-naphthoxy radical in aqueous solu- 
tion. Chance’s and Ferguson’s (10) interpretation of the peroxi- 
dase reaction mechanism also requires the presence of a free 
substrate radical. 

The finding that peroxidase oxidizes tyramine and tyrosine to 
diphenyl compounds, with the likelihood that free radical in- 
termediates are important, lends support to Johnson’s and 
Tewkesbury’s (11) hypothesis of the formation of thyroxine from 
diiodotyrosine. A recent hypothesis concerning the biosynthesis 
of morphine alkaloids requires an enzyme capable of forming free 
radicals from phenolic precursors (12). In view of the widespread 
distribution of peroxidase in plants, it is of interest to consider 
whether magnolol, 2,2’-dihydroxy-5, 5’-diallyldiphenyl, isolated 
from the bark of Magnolia officinalis (4), is produced by peroxi- 
dase action. Dityrosine formation in blood is a possibility since 
Knox (13) has shown that myeloperoxidase can utilize the 


hydrogen peroxide produced by flavoproteins in the presence of 
catalase. The possible role of peroxidase in the oxidation of 
certain metabolites (especially tyrosine and tryptophan) has been 
pointed out by Gross (14) and Saunders (15). 


SUMMARY 


Dityramine hydrochloride, 2,2’-dihydroxy-5,5’-bis(6-ethyl- 
amino) diphenyl hydrochloride, was isolated as the chief product 
of the reaction of horse-radish peroxidase and hydrogen peroxide 
with tyramine. A second compound which was isolated showed 
characteristics which suggested that it might be the terpheny] 
derivative, trityramine hydrochloride. A brown pigment, which 
separated from the reaction mixture, was shown to contain 
dityramine and more extensively oxidized and polymerized 
derivatives, and to be nonhomogeneous. Tyrosine undergoes a 
similar oxidation to dityrosine and oxidized polymers, in the 
presence of peroxidase. Peroxidase oxidizes a variety of mono- 
phenolic compounds, but does not form dipheny] linkages in situ 
with the tyrosyl groups of proteins. Dihydric phenols are con- 
verted by peroxidase to quinones, which then undergo oxidative 
polymerization. 
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In a previous paper of this series (1) we have demonstrated 
that preparations obtained from chick embryos are capable of 
catalyzing all the individual reactions of the citric acid cycle, and 
that the activities of the various enzymes involved appeared to 
undergo changes in the course of embryonic development. This 
latter finding, for at least two of the enzymes studied, is in agree- 
ment with work from other laboratories (2, 3). The oxidative 
reactions of the evele, except for the reaction catalyzed by suc- 
cinie dehydrogenase, are linked to oxygen through the pyridine 
nucleotides. Thus it became imperative to study the aerobic 
oxidation systems for reduced diphosphopyridine nucleotide in 
order to obtain some understanding of the respiratory capabilities 
of embrvonic tissues. 

Among work done by others on this subject, we may mention 
that Philips (4) measured the over-all oxygen consumption of the 
early chick embryo at various stages of development. He found, 
with unhomogenized tissue, and by means of Cartesian diver 
techniques, that the oxygen uptake with glucose as substrate, 
did not increase markedly between the first and third day, al- 
though he reported a 100 per cent increase in the Qo, during the 
first 4 hours of incubation. In later work Philips (5) showed that 
under his conditions there was no variation in the oxygen uptake 
of different regions of chick blastoderms between zero and 37 
hours of incubation. A detailed discussion of the determination 
of Qo, values in the chick embryo has been given by Romanoff 
(6). Sippel (7) measured the increase of succinoxidase activity 
in the heart and heart forming tissue of the chick embryo with 
Cartesian diver and Warburg techniques. He reported an in- 
crease in the specific activity, relative to nitrogen, with age from 
the second day onward. 

Albaum et al. (8) also measured cytochrome oxidase mano- 
metrically in water homogenates of chick embryos and found an 
increase in activity per embryo which exceeded the corresponding 
increase in succinoxidase. More recently Davidson (9) assayed 
for cytochrome oxidase spectrophotometrically in buffered ho- 
mogenates of embryonic organs. He found an increase in the 
specific activity of the heart and the liver from the fourth day 
on while the activity in the nervous system remained constant 
throughout the period of study. Scevola and De Barbieri (3) 
subjected homogenates of 5- and 10-day-old embryos to differ- 
ential centrifugation. They report that the distribution of suc- 
cinic oxidase and cytochrome oxidase in these fractions is not 
unlike that which might be expected with adult tissue. 


* Supported by Grant-in-aid H-2177 from the National Heart 
Institute, National Institutes of Health, United States Public 
Health Service, and a program grant of the American Cancer So- 
cietv. Publication No. 875 of the Department of Chemistry, In- 
diana University. 


It is also of interest to this investigation that Nelson (10) has 
recently shown that chick embryos are able to survive through 
the primitive streak stage with only 4 per cent oxygen as com- 
pared to the normal 21 per cent present at sea level. Fourteen 
per cent oxygen permits normal development through Stages 14 
and 15 of Hamburger and Hamilton (11). 

The rationale of our own studies has been discussed in some 
detail (1). Again we might have restricted ourselves to one en- 
zymatic activity, but have followed it at every stage of develop- 
ment and in as many organs as might be feasible; we might on 
the other hand have attempted to assess the distribution of a 
group of enzymatic activities among the various subcellular frae- 
tions as completely and as precisely as present methodology al- 
lows; or, finally, we might have concentrated on but one of these 
cell fractions, but have provided a complete description in chem- 
ical and enzymatic terms. Since the actual pathways of electron 
transport in the developing embryo have given rise to consider- 
able speculation, but have been studied only sporadically by 
means of presently available enzymological techniques we 
thought it not without interest to scan broadly several represent- 
ative enzyme activities within the general framework of electron 
transport; the oxidation of DPNH by oxygen in the presence and 
in the absence of externally added cytochrome c (DPNH oxi- 
dase); the oxidation of reduced cytochrome ¢ by oxygen (cyto- 
chrome oxidase) and the oxidation of DPNH by ferricyanide 
(diaphorase). We have attempted to assess quantitatively the 
specific and total activities of these enzymes in homogenates as 
a function of embryonic development but have confined ourselves 
to a delineation of the components of these complex enzyme sys- 
tems at only certain stages of development. We have also, at 
some stages, studied the distribution of these activities between 
the various cell fractions separated by differential centrifugation. 
We have defined the fractions so obtained by means of their 
content of such representative chemical entities as RNA and 
DNA. In this way we believe to have provided some framework 
for a discussion of the mechanism of electron transport in the 
developing avian embryo, especially with the aim of focusing at- 
tention on those stages of morphogenesis and differentiation, or 
those areas within the embryo, with which more intensive work 
might well vield fruitful results. 


EXPERIMENTAL 
Tissue Preparations—Unincubated embryonated eggs from 
New Hampshire Red X Rock Cornish chickens were obtained 
from Indiana Farm Co-Operative, Indianapolis, and incubated 
as previously described (1). The embryos were excised under 
Ringer solution and classified morphologically according to the 
system of Hamburger and Hamilton (11). 
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TABLE I 


Weights (dry and wet) of embryos and protein content 
at different ages 


The ages of the embryos were obtained by correlation with the 
gross morphogenic stages of Hamburger and Hamilton (11) as 
The dry weights were obtained by drying 


described in the text. 
the embryos first for 1 hour at 100° and then to constant weight 
in a vacuum desiccator over P.O;. The wet weights were ob- 
tained after first blotting the embryos with filter paper. The 
values for the weights of embryos were obtained from pools of 4 
to 6embryos. Protein was determined by the micromodification 
of the biuret method already described (1). 


Stage (Co d) Dry weight | Wet weight 

days mg. | mg. 

12-13 2 0.28 | 7 0.23 
18 3 1.07 23 0.60 
23 4 3.87 S4 1.80 
26 5 12.02 208 6.50 

28-29 6 29.02 474 12.0 
30 7 92.67 840 24.5 


In order to facilitate comparison of our results with similar 
contributions of other workers we have followed their custom of 
plotting results as a function of embryonic age in days. It is not 
satisfactory to determine the age of embryos from actual incuba- 
tion times since there is some variation in the time required to 
initiate the developmental processes. This difficulty may be 
overcome in a number of ways. Levy and Palmer (12), with the 
use of growth as a criterion, estimate the ages of the embryos in 
days from their wet weights. Solomon (2), with the use of the 
state of differentiation as a criterion, estimates the ages of the 
embryos in days from their morphological stage of development. 
We have used the latter of these methods so that our results 
could be correlated with events of differentiation. All designa- 
tions of “days” in the text refer to the stages of Hamburger and 
Hamilton (11) rather than to actual incubation times. One 
day refers to Stages 7 and 8; 2 days to Stages 12 and 13; 3 days 
to Stage 18; 4 days to Stage 23; 5 days to Stage 26; 6 days to 
Stages 28 and 29; 7 days to Stage 30. 

Weights of Embryos at Different Ages—So that our data can be 
compared with that of other workers who may express their re- 
sults in a different manner or who may have obtained them with 
different breeds of chick embryos or in other parts of the world 
we have tabulated, in Table I, the protein content (1), dry weight, 
and wet weight of embryos from the batch used in this investiga- 
tion. These values may be compared to those of Levy and 
Palmer (13) and Clark and Fischer (14) for different breeds of 
chickens. 

Cell Fractionations—The fractionation technique used in this 
work and the rationale behind it has already been described (1). 
The preparations were homogenized, in a polyvinylpyrrolidone- 
sucrose-tris(hydroxymethyl)aminomethane medium, with a Pot- 
ter-Elvehjem homogenizer. The homogenation time was 3 to 5 
minutes and the whole procedure was carried out at 2-4°. The 
homogenates were centrifuged and separated into four fractions. 
P, refers to large particles obtained at 700 x g. Pe refers to 
medium sized particles obtained at 30,000 x g. Ps refers to 
small particles obtained at 100,000 x g. The final supernatant 
is referred to as Ss. 

Chemical Fractionation—The fractionation of RNA and DNA, 
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before assay is based on the method of Martin and Morton (15), 
The subcellular fractions were lyophilized immediately after 
preparation. The total fraction was rapidly weighed and ap 
appropriate aliquot (100 to 200 mg.) taken for chemical fraction- 
ation. 

We observed that a small amount of ether left adhering to the 
lipide-free residue eased its dispersion during the next step of re- 
moving the acid soluble phosphorus. The amount of time re. 
quired to extract all the RNA and DNA varied from one cel] 
fraction to another but it was generally longer than that used by 
the original workers for their preparations. 

The actual times required for each fraction were: for 3-day em- 
bryos P,—24 hours, with 3 re-extractions of 10, 4, and 17 hours, 
respectively. Pi, Ps, and S;—36 hours with two re-extractions 
of 24 hours and 4 hours. The 260 my absorption peak was fol- 
lowed after each extraction. The fractions from hearts of 13- 
day-old embryos were extracted as in the original method. 

DNA was extracted for 1.5 hours and this was repeated twice. 
This procedure was followed in all cases. We did not work up the 
residue remaining after the DNA extraction. 

Storage—To measure activities as a function of age we homoge- 
nized freshly excised embryos and assayed immediately. Em- 
bryos for cell fractionation were frozen rapidly in an alcohol-dry 
ice slush, stored for a few weeks and thawed just before homoge- 
nation. The inhibition studies were carried out with homoge- 
nates or cell fractions which had been rapidly frozen as above. 

Enzyme Assays—During all phases of this work we always ad- 
justed our experimental conditions so that the activity being 
measured was strictly proportional to the amount of homogenate 
used in the assay. This held only within a limited span of 
homogenate concentration. At very low values activities were 
decreased probably due to partial denaturation of the enzymes. 
At very high values variations in absorptions caused by optical 
changes within the preparation itself were large enough to inter- 
fere with the assay. The following spans of homogenate protein 
per assay were used in typical runs. For 3-day-old embryos: 
whole homogenate (0.01 to 0.05 mg.); P: (0.01 to 0.05 mg.); P: 
(0.01 to 0.04 mg.); Ps (0.01 to 0.06 mg.); S83; (0.20 to 0.80 mg.). 
For the hearts of 13-day-old embryos: whole homogenate (0.04 
to 0.15 mg.); Pi (0.05 to 0.13 mg.); P2 (0.10 to 0.30 mg.); P; 
(0.02 to 0.12 mg.); S3 (0.10 to 0.60 mg.). 

Most of the assays were carried out with a Cary model 11 
spectrophotometer equipped with a specially constructed thermo- 
stated cell carriage for the sample cuvette. All runs with the 
exception of temperature-dependence experiments were carried 
out at 38 + 0.2°, maintained by a Wilkens-Anderson constant 
temperature bath. One-ml. quartz cuvettes and a 0 to 0.1 op- 
tical density slide wire were used in all experiments. For all 
measurements, conditions were chosen so that the substrate was 
present in excess (1.e. the assay was performed in the zero order 
range of the rate versus substrate concentration curve), and the 
extent of the reaction was proportional to time. (Figs. 1A and 
B and 2A.) We observed that exceedingly high concentrations 
of DPNH were inhibitory in those reactions where it served as 
substrate. (These concentrations were at least 2 or 3 times 
higher than those actually used.) 

The assay mixtures for reactions carried out in this way were 
as follows: For DPNH oxidation the sample cuvette contained 
0.1 ml. of 1.7 K 10°* mM DPNH, homogenate, and 0.05 m sodium 
phosphate buffer at pH 7.35 to give a final volume of 1 ml. The 
blank cuvette contained 0.08 ml. of 1.7 * 10-? m DPNH and 
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0.05 m sodium phosphate buffer, pH 7.35, to a final volume of 1 
ml. The sample cuvette was preincubated for 5 minutes to bring 
all components to 38° before adding the homogenate. The value 
recorded was the decrease in optical density at 340 my between 
7 and 15 minutes after adding the homogenate. A tungsten 
lamp was used and the slit width was 1.0 mm. in all runs. 

For cytochrome c-stimulated DPNH oxidation, the sample 
cuvette contained 0.1 ml. of 1.7 * 10-3 m DPNH, 0.05 ml. of 
6.1 X 10-° mM cytochrome c (based on a molecular weight of 
16,500), homogenate, and 0.05 m sodium phosphate buffer, pH 
7.35, to a final volume of 1 ml. The blank cuvette contained 
0.08 ml. of 1.7 K 10-3 m DPNH, 0.05 ml. of 6.1 x 10-5 m cyto- 
chrome c, 0.05 mM sodium phosphate buffer, pH 7.35, to a final 
volume of 1 ml. The sample cuvette was preincubated for 5 min- 
utes before adding the homogenate. The value recorded was 
the decrease in optical density between 5 and 9 minutes after 
adding the homogenate. : 

For cytochrome c oxidation the sample cuvette contained 0.1 
ml. of 1.2 & 10-* m reduced cytochrome c, homogenate, 0.05 mM 
sodium phosphate buffer, pH 7.35, to a final volume of 1 ml. A 
green filter (Corning No. 4015) was placed in the light path of 
the blank to bring the absorption on scale. The sample cuvette 
was preincubated for 5 minutes before adding the homogenate. 
The value recorded was the decrease in optical density at 550 mu 
between 3 and 4 minutes after adding the homogenate. The 
slit width was 0.1 mm. in all cases for these runs. 

For diaphorase the sample cuvette contained 0.1 ml. of 1.7 xX 
10-3? m DPNH, 0.1 ml. of 0.007 m potassium ferricyanide, ho- 
mogenate, and 0.05 m sodium phosphate buffer, pH 7.35, to a 
final volume of 1 ml. The blank cuvette contained 0.08 ml. of 
1.7 * 10°? m DPNH, 0.1 ml. of 0.007 m potassium ferricyanide, 
and 0.05 m sodium phosphate buffer, pH 7.35, to a final volume 
of 1 ml. The sample cuvette was preincubated for 5 minutes, 
then the homogenate was added, and the reading taken from 4 
to 7 minutes after this time. The blank cuvette was at room 
temperature during the entire procedure. The nonenzymatic 
reduction of ferricyanide at 38° was subtracted from the value 
obtained for each reaction. This corresponded to a AA of 0.013 
per minute under these conditions (Fig. 1B). 

Some of the assays were carried out on the Beckman DK-1 
recording spectrophotometer equipped with a thermostated cell 
carriage. The procedures were as described above except that 
a no-substrate, rather than a no-homogenate, blank was used. 

A small percentage of the assays were performed with the 
Beckman DU spectrophotometer. The procedure was similar 
to that used on the DK-1 except that the cuvettes were incubated 
in a constant temperature bath and rapidly transferred to the 
spectrophotometer for single point readings. Appropriate ex- 
periments showed that identical results could be obtained by all 
three methods, although the Cary instrument was by far the most 
satisfactory in regard to maintenance and noise level. 

Chemical Assays—Protein: Protein was determined by the mi- 
cromodification of the biuret method already described (1). 

RNA: This was estimated in 3 ways by the absorption at 260 
my (16), by orcinol (17), and by an organic phosphorus deter- 
mination (18). Our standard curves for the three methods 
covered these concentrations respectively: 0 to 8 wg. per ml., 0 
to 90 ug. per ml., and 13.8 to 1640 ug. per ml. To interconvert 


phosphorus and RNA values a factor of 8.3 per cent phosphorus 


in RNA was used. 
LNA: This was estimated by four methods. 


The absorption 
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Minutes after adding Minutes after adding 
homogenate homogenate 


Fic. 1A. Linearity of activities with time. (/) Linearity of 
DPNH oxidase with time. (2) Linearity of cytochrome c-stimu- 
lated DPNH oxidase with time. The reaction was carried out at 
38° with the Cary model 11 spectrophotometer. The reaction 
mixtures and conditions were as described in the text. The 
homogenate of 3-day-old embryos was used for this experiment. 
B. Linearity of diaphorase with time. (1) Nonenzymatie reduc- 
tion of ferricyanide. (2) Reduction of ferricyanide in the presence 
of whole homogenate from 3-day-old embryos. The experiment 
was carried out in the Cary spectrophotometer. Reaction mix- 
tures were as described in the text. 


0.085} 


0.090 


0.095 


Ole + ~+.02 
Minutes after adding TCc° 
homogenate 


Fic. 2A. Linearity of cytochrome ¢ oxidase with time. The 
experiment was carried out on the Cary spectrophotometer. Re- 
action mixtures and conditions were as described in the text. (1) 
S; fraction from the hearts of 13-day-old embryos. (2) Whole 
homogenate from 3-day-old embryos. B. Effect of temperature 
on (1) DPNH oxidase and (2) cytochrome c-stimulated DPNH 
oxidase. The whole homogenate of 3-day-old embryos was used. 
The experiment was carried out in the Beckman DK-1 spectro- 
photometer. The reaction mixtures and conditions were as de- 
scribed in the text except that the temperatures were as indicated. 


at 260 my (16), diphenylamine (17), indole (19), and phosphorus 
(18). In many fractions the amount of DNA was too low to be 
measured by the diphenylamine method. Our standard curves 
covered the following concentrations respectively: 2.5 to 80 ug. 
per ml.; 25 to 800 wg. per ml.; 5 to 80 wg. per ml.; and 138 to 
1600 wg. per ml. We used a value of 8.7 per cent phosphorus in 
DNA throughout. 

Reliability of Results—The reliability of results of this type 
have been discussed previously (1). Much the same situation 
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The determinations were performed in replicate 
and mean values are given. The actual deviations obtained are 
indicated in Figs. 4 and 5. It can be seen that the deviations 
are greater for the older embryos. This is not unexpected since, 
as in the previous work, fewer 4- or 5-day embryos were used in 
each experiment than in the runs on younger tissue. 

Much of the data in the literature on the nucleic acid content 
of tissue is based on only one method of analysis. This may tend 
to rather misleading results since various contaminating materials 


prevails here. 


TaBLeE II 
Effect of storage conditions on respiratory activities 


Assays were performed as described in the text. Source of 
tissues were 10-day-old embryos. 

The homogenates were frozen by placing in a Deep Freeze at 
—20°. Protein was measured by the biuret reaction as previously 
described. The enzyme reactions were carried out in a Beckman 
DK recording spectrophotometer equipped with a thermostated 
cell carriage and a hydrogen lamp. The disappearance of DPNH 
was followed at 340 my and the temperature was maintained at 
38° throughout each run. The assays were performed as de- 
scribed in the text. 


Homogenate 
Reaction measured 24 
ate* hours at 0°* 
Heart 
penn *,.0,......... 30.0 | 35.5 | 50.0 
DPNH — ferricyanide.......... 80.5 89.0 193.0 
Liver 
DPNH — O2.......... 15.6 6.3 33.6 
p,......... | 107 37.0 
DPNH — ferricyanide.......... | 246 186 | 423 


* Activities are given in mumoles of DPNH oxidized per mg. of 
protein per minute. 


III 
Effect of sonic oscillation on respiratory activities 

The preparation was sonated for 25 minutes in the 10 ke. cup 
of the Raytheon instrument. The cup was cooled by passing a 
solution of ethanol at —10° through its outer jacket. Activities 
shown are those observed in the presence of an excess of inhibitor 
and constitute the maximum extent of inhibition attainable. 
Homogenates of livers of new born chicks were used for these 
data. Assays were performed as described in the text with the 
use of the DK-1 spectrophotometer. 


DPNH oxidized X 
min.! mg. 
protein™ 
Inhibitor added 
Sonated 
myumoles mpumoles 
A.......... 0.4 | 0.3 
N-oxide. ...... 1.9 | 0.4 
2-Hydroxy-3-(2’-methyl-oct vl-1,4-naphtho- | 
None (ferricyanide added to measure diaph- | 
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which contain phosphorus or absorb strongly at 260 muy, or give 
reactions with the commonly used sugar reagents may be present 
in the RNA or DNA fractions. It is less likely that a contami- 
nant will give all three reactions. For this reason we decided to 
assay for RNA and DNA by all the methods mentioned and let 
the lowest value obtained set a limit on our values for each prep- 
aration. 

Materials—The sources of most of the materials used have been 
given in (1). Cytochrome c was obtained from Sigma Chemical 
Company. This was reduced, when required, by the method of 
Smith (20). Amytal was a gift of Dr. O. K. Behrens, Eli Lilly 
and Company, 2-hydroxy-3-(2’-methyl-octyl-1 ,4-naphthoqui- 
none) from Abbott Laboratories, and 2-heptyl-4-hydroxyquino- 
line N-oxide from Dr. B. Chance. Antimycin A was purchased 
from Wisconsin Alumni Research Foundation, thyroxine from 
the Aldrich Chemical Company, our DNA standard Ex Salmon 
Sperm from the California Foundation for Biochemical Research, 
and our RNA standard was Yeast RNA from Schwarz Labora- 
tories. 

Extinction Coefficients—The millimolar extinction coefficients 
(1 X mmole X cm.~') and wave length of maximal absorption 
used were: for DPNH and TPNH 6.22 at 340 my (21), for cyto- 
chrome c 18.5 at 550 my (22); for RNA the extinction coefficient 
found was 30.7 cm.? X mg.~!; and for DNA it was 21.0 em. x 
mg.-!. The latter two were measured at 260 mu. 


PROPERTIES OF EMBRYONIC DPNH OXIDASE SYSTEM 


Activities Measured—To determine whether chick embryonic 
tissue could carry out the terminal electron transfer reactions 
found in adult tissue, we have measured four characteristic ac- 
tivities of the respiratory sequence: the oxidation of DPNH, which 
is representative of the entire electron transport chain; the oxida- 
tion of reduced cytochrome c which is representative of the oxy- 
gen end; the reduction of ferricyanide which is representative of 
the dehydrogenase end; and the cytochrome c-stimulated oxida- 
tion of DPNH which is a measure of the entire chain less some 
rate limiting steps toward its center. 

All the chick embryo tissue tested could carry out these four 
reactions at 38°. 

Storage and Liberation of Latent Activity—lIn all investigations 
of particle-bound enzymes, especially those concerned with the 
respiratory capacity of the experimental material, it is incum- 
bent on the investigator to demonstrate that there is no deteri- 
oration of activity with storage. This is disposed of by the find- 
ing that entire embryos or embryonic organs frozen rapidly by 
chilling in dry ice-aleohol, thawed, and then homogenized showed 
activities both qualitatively and quantitatively indistinguishable 
from those observed in homogenatesof fresh tissue. As is brought 
out by the data of Table IT freezing and thawing the homogenate 
before assay increased rather than decreased the apparent enzy- 
matic activity, while storage of the homogenate at 0° without 
freezing led to a decrease in activity at least in the case of liver 
preparations. The latter effect is probably due to the clumping 
of mitochondria as observed by Philpot and Stanier (23), while 
the former may be related to the liberation of latent enzymatic 
activity by damage to mitochondrial structures as described by 
Ziegler and Linnane (24). These investigators also observed 
maximal liberation of these latent activities by subjecting their 
preparations to sonic disintegrations. No such activation was 
found in the present case (Table III). On the contrary, sonated 
liver homogenates showed consistently lower activities. This in- 
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activation was probably not due to thermal inactivation for the 
preparation was kept at a temperature of less than 4° throughout 
the treatment. While the temperature of the sonate was not 
actually measured during the sonation, the temperature was less 
than 4° both a few seconds before and after the treatment. Only 
the over-all DPNH oxidase and not the diaphorase activity ap- 
peared to be inactivated. 

Some additional points emerge from Tables II and III. Ten- 
day embryonic liver contains electron transport enzymes of 
higher specific activity than does embryonic heart. Sonation of 
the liver preparation appears to eliminate specifically the Amy- 
tal-insensitive pathway of electron transport (25). Amytal in- 
hibits almost half of the total DPNH oxidase activity. After 
sonation almost half the activity is inhibited in the absence of 
Amytal and Amytal causes almost total loss of activity. 

Kinetics of Enzyme Reactions—The time dependence of the 
DPNH oxidase, diaphorase, and cytochrome c oxidase reactions 
is shown in Figs. 14 and B, and 2A. It can be seen that the ap- 
parent DPNH oxidase activity consists of two phases: an initial 
rapid nonlinear drop of A340 followed by a slower, linear decrease 
of this quantity. Investigation of this phenomenon disclosed 
that the apparent initial drop was neither wave length dependent 
nor cyanide-sensitive, unlike the subsequent linear decline; it also 
was not DPNH dependent nor could it be reversed by the addi- 
tion of alcohol and alcohol dehydrogenase. Thus we were not 
dealing with DPNH oxidation at all but rather with the swelling 
of mitochondria in phosphate as observed by Hunter et al. (26), 
Recknagel and Malamed (27), and others. 

The cytochrome c level in the cytochrome c-stimulated DPNH 
oxidase was chosen to yield the maximal effect with the liver sys- 
tem (Fig. 3B) obtained from either baby chicks or chick embryos. 
Cytochrome ¢ at concentrations in excess of those shown here 
was found to be inhibitory. 

The cytochrome c level actually chosen (3 X 10-* Mm) is such 
as to be stoichiometrically below the amount of DPNH oxidized 
in the course of a typical experiment. The cytochrome must 
therefore function in a catalytic roleand we are measuring a typi- 
cal cytochrome c-stimulated (open) DPNH oxidase system, c 
rather than the oxidation of DPNH by a DPNH-cytochrome 
reductase alone. 

DPNH oxidase systems have frequently been reported to be 
stimulated by phosphate (28, 29). This effect is observable in 
the present case also. The data of Fig. 3A clearly demonstrate 
this requirement as well as the pH dependence of the reaction. 

Effect of Temperature on DPNH Oxidase System—Unincubated 
blastoderms, according to Philips (4, 5) show appreciable oxy- 
gen uptake at temperatures less than 27°. This value is en- 
hanced over 3-fold between 26 and 36°. Since, however, no 


‘sharp break was observed at 27-32°, he implied that the charac- 


teristic control exerted by temperature on differentiation and 
growth could not be solely a reflection of a similar control by tem- 
perature on the respiratory enzymes. 

We have investigated the temperature dependence of the 
DPNH oxidase system of 3-day embryos (Fig. 2B). In the 
range 26-36° the Arrhenius activation energy (AE,) equals 8.8 
kilocalories per mole for the “closed”’ system, and 14 kilocalories 
per mole for the “open” cytochrome c-stimulated system. Both 
these values are well below the value for AE, of 24 kilocalories 
per mole for O2 uptake of blastoderms found by Philips. Even 
the area vasculosa of embryos only 48-hours old showed a AE, 
of 9.5 for the ‘‘closed’”” DPNH oxidase. Taking Philips’ data in 
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Fic. 3A. pH dependence and phosphate requirement of DPNH 
oxidase in the livers of young chicks. Reaction mixtures and 
conditions were as described in the text except pH was as indi- 
cated. (1) 0.05 m sodium phosphate buffer; (2) 0.05 m Tris buffer. 
The experiment was carried out with the Beckman DU spectro- 
photometer. B. Activation of DPNH oxidase of young chick 
liver by horse heart cytochrome c. The reaction was carried out 
with a Beckman DU spectrophotometer in 0.05 m Tris buffer. 
The reaction mixture and conditions were as described in the text. 


conjunction with ours it would appear that the over-all temper- 
ature dependence and therefore presumably a rate-limiting step 
undergoes a profound change during the early developmental 
period. 

Effects of Inhibitors—Classically investigations of electron 
transport mechanisms in complex respiratory systems have had 
to rely heavily on the use of certain inhibitors which are believed 
to function specifically at single loci along the chain (for a review 
see Chance (30)). Among the most widely used agents of this 
class are cyanide (for cytochrome c oxidase) (31), antimycin A 
(32) and certain substituted quinoline N-oxides (33) (for a locus 
between cytochromes 6 and c,), and Amytal (25) (between DPNH 
and the particulate cytochrome reductase flavoprotein). The 
characteristic effects of these inhibitors, as observed with the 
P, fractions obtained from 3-day-old embryos and from the 
hearts of 13-day-old embryos are tabulated in Table IV. The 


TaBLe IV 
Inhibition of DPNH oxidase in P of chick embryo 
Standard assay conditions for the DPNH — Oz system as de- 
scribed in the text were used with the inhibitor added at zero 
time. ‘50% inhibition”’ values are the midpoints of actual titra- 
tion curves obtained by plotting percentage inhibition against 
inhibitor concentration. ‘‘Inhibition by excess of inhibitor’’ is 
the maximal value in the same plots. 


Tissue 


3-day-embryos Hearts of 14-day-embryos 


Inhibitor 
Inhibition | Inhibition 
50% 50% 

y excess by excess 
inhibition at of inhibitor inhibition at inhibitor 

% % 

Antimyein A...... 10°° 72 82 

90 6 xX 104m 90 


2-Alkyl-4-hy- 
droxyquinoline 
N-oxide... .. 

Cyanide........... 


3X 107m | 100 
5X 94 


2x 10%m 100 
2X 10 87 
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concentration of inhibitor necessary to yield 50 per cent inhibi- 
tion as measured by actual titration curves, and the maximal 
extent of inhibition obtainable on addition of excess inhibitor 
are both indicated. The DPNH oxidase systems are very sensi- 
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Fic. 4A. The specific activity (protein) of diaphorase, with 
ferricyanide as electron acceptor, plotted as a function of embry- 
onic development. The ordinate is in mumoles mg.~! protein X 
min.~! The abscissa is in days (corrected according to the stages 
of Hamburger and Hamilton (11) as described in the text). One 
day refers to Stages 7 and 8; 2 days to Stages 12 and 13; 3 days to 
Stage 18; 4 days to Stage 23; 5 days to Stage 26; 6 days to Stages 
28 and 29; and 7 days to Stage 30. The vertical lines indicate the 
standard deviations. £8. The specific activity (protein) of DPNH 
oxidase as a function of embryonic development. The reaction 
mixtures and conditions were as described in the text. Symbols 
have the same meaning as in A. 
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Fig. 5A. Specifie activity (protein) of eytochrome c oxidase as 
a function of development. The reaction mixtures and conditions 
were as described in the text. Symbols have the same meaning 


asin Fig.4A. B. Specific activity (protein) of cytochrome c-stim- 
ulated DPNH oxidase as a function of development. 
tion mixtures and conditions were as described in the text. 
bols have the same meaning as in Fig. 44. 
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tive to the inhibitors tested but the 3-day embryo preparation js 
somewhat more resistant to their action, as evidenced by the 
higher concentrations necessary to yield 50 per cent inhibition, 
and the somewhat greater residual antimycin A and cyanide. 
insensitive activity. 


DEVELOPMENT OF EMBRYONIC DPNH OXIDASE SYSTEM 


Variation of Specific Activity During Development—The varia- 
tion of the four enzymatic activities studied (DPNH and cyto- 
chrome c oxidase, cytochrome c-stimulated DPNH oxidase, and 
diaphorase) as a function of development (7.e. corrected incuba- 
tion time) is shown in Figs. 4and 5. As with the citric acid cycle 
enzymes described in the previous paper, the specific enzymatic 
activities follow a characteristic pattern with three distinct 
phases: A period of low activity, a rapid rise to a maximum, fol- 
lowed by a period of more or less rapid decline. The maximum 
occurs around the fourth day of development (about 24 hours 
later for the ‘open’? DPNH oxidase). This constitutes a delay 
of some 24 hours over the time of maximal specific activity for 
the citric acid cycle enzymes. 

Variation of Accumulation Rates—Here again we have made 
use of a method of data presentation described in the previous 
communication: a semilogarithmic plot of the enzyme content 
per embryo as a function of time which yields families of straight 
lines (Fig. 6). As with the enzymes studied previously there is a 
distinct difference in their accumulation rate (defined as a first 
order rate constant) in the early, compared to the later stages of 
embryonic development. The two rates are separated by a dis- 
continuity indicated by a break in the lines. The characteristic 
accumulation rates and times of discontinuities (in parentheses) 
are: for DPNH oxidase, 0.95 day-', 0.44 day~! (4.4 days); for 
DPNH oxidase (cytochrome c-stimulated), 1.13 day~', 0.62 day 
(4.4 days); cytochrome c oxidase, 1.8 day, 0.27 day (4.5 
days); and for diaphorase, 1.49 day~!, 0.76 day! (4.0 days). 
Since total embryonic protein has an accumulation rate of 1.2 
day throughout this period these findings imply that during the 
early period of embryonic development the electron transport 
chain enzymes, like the Krebs cycle enzymes, are probably 
elaborated at a rate exceeding that of the average of all embryonic 
proteins; during the late period the situation is reversed. The 
critical point, however, is reached at a later stage: between 2.0 
and 3.3 days for the Krebs cycle; between 4.0 and 4.5 days for 
electron transport. 

Effect of Thyroxine—This hormone is known to exert a pro- 
found effect on differentiation and metamorphosis, especially in 
amphibians (34). It therefore appeared to be of interest to study 
its use as a possible tool for interference with the normal ontogen- 
esis of the enzymes under study here, especially in view of the 
reported connections between thyroxine and electron transport 
enzyme systems, obtained from tissue of adult animals. It must 
be made clear that in the 3-day-old embryo the functional 
thyroid gland has not vet made its appearance. In other words, 
thyroxine is here employed only as an artificial reagent to aid in 
the study of embryonic enzymes. 

In the experiment reported in Table V the eggs were injected 
with thyroxine solutions before the onset of incubation and 
embryos were then harvested after 4 days. The inhibitory action 
of the hormone on the elaboration of the entire chain as con- 
trasted with its ineffectiveness on the elaboration of diaphorase 
has been observed repeatedly. 

At levels of greater than 300 ug. of the hormone per egg there 
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Fic. 6. Enzyme content of early chick embryos. The total en- 
zymatic activity per embryo is expressed as a function of age of 
embrvos in days (corrected according to the stages of Hamburger 
and Hamilton (11) as described in the text). One day refers to 
Stages 7 and 8; 2 days to Stages 12 and 13; 3 days to Stage 18; 4 
davs to Stage 23; 5 days to Stage 26; 6 days to Stages 28 and 29; 
and 7 days to Stage 30, all activities are expressed as mumoles X 
min.! X embryo™ and plotted semilogarithmically against time. 
Diaphorase has been divided by 2 to bring it on scale. Thus the 
diaphorase values are displaced downward by log 2. The abscissa 
for each activity is time in days, and is separate and not equal for 
the various activities measured. The reaction mixtures and con- 
ditions are as described in the text. (1) DPNH oxidase, (2) eyto- 
chrome c-stimulated DPNH oxidase, (3) cytochrome c¢ oxidase, 
(4) diaphorase X 0.5. 


occurred concomitantly with the reduction in enzyme accumula- 
tion a morphological change already reported for embryos ob- 
tained from eggs from riboflavin- or vitamin E-deficient eggs by 
Romanoff and Bauernfeind (35), and Adamstone (36). The 
symptomatology, which also occurs with a number of other 
deleterious agents, is a failure of proper development of the 
circulatory system and the formation of a red ring around the 
embryo at some distance removed from it. It may be of interest 
that the same gross morphological changes take place if the 
elaboration of a normal electron transport sequence is interfered 
with either by thyroxine action as in the present case, or pre- 
sumably, by the absence of some key component, as in Roman- 
off's and Adamstone’s findings. 

TPNH Orxidase—It also appeared of interest to study the 
oxidation of TPNH in embryonic preparations under conditions 
analogous to those employed for DPNH oxidation. The ae- 
tivities with TPNH are consistently lower than those observed 
with DPNH. A typical experiment is summarized in Table VI 
which comprises data for the P. fraction of homogenates from 
3-day-old embryos. The activity of the TPNH oxidase system 
can be raised to that observed with DPNH by the addition of 
less than stoichiometric amounts of DPN or DPNH to the 
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TABLE V 
Oxidative activities of thyrorine-treated embryos 


The t-thyroxine solution was injected into the yolks of the 
eggs before the incubation. Embryos were removed after 4 days 
of incubation, homogenized, and assayed in the usual fashion. 


Amount of 
DPNH — O:* ppnH cytochrome on 
ug. 
480 0.81 3.8 D4 
10 5.2 17.5 114 
S 9.0 26.7 
4 6.4 19.7 110 
0 10.1 26.4 105 


* Activities are given as mumoles of substrate oxidized X min.~! 
mg.~! of protein. 


TaBLe VI 
TPNH oxidase activity of embryonic preparations 
Assays were performed as described in the text for DPNH oxi- 
dase. Homogenates of 3-day-old embryos were used. 


Substrate oxidized X 


Substrate min.-! mg.*! protein 
myumoles 
TPNH (1.7 X 10°4 mM) + DPNH (1.7 X 
37.3 


TaBLe VII 

Electron transport activities in cellular fractions of chick embryos 

The enzyme assays are described in the text. The fractiona- 
tion scheme is as in Paper II (1). All reactions were carried out 
at 38°. The ages of the embryos in days are obtained by correla- 
tion with the gross morphogenic stages of Hamburger and Hamil- 
ton (11) as described in the text. Two and one-half days refers 
to Stages 16-17; 3 days to Stage 18; 4 days to Stage 23; and 5 
days to Stage 26. 


myumoles DPNH oxidized X min! embryo"! 


Activity measured Age of embryos in days 
—J| 13-day- 
2.5 3 4 5 | embryos 
DPNH oxidation P, 0.3 0.4 1.1} 10.1 |} 28.0 
P2 1.4 1.2 3.9 | 13.3 8.6 
P; | very 0.3 0.6; 2.6 0.4 
low 
S; | very 0.1 1.3 1.5 1.2 
low 
Cytochrome c-stimu- | P; 0.9 1.2 5.5 | 42.1 | 75.0 
lated DPNH oxida-| 2.8 31.5 | 73.8) 57.5 
tion P; 1.0 0.5 4.7 | 2.4 1.3 
S; 0 0.2 0.5 5.8 2.3 
DPNH oxidation by P, | 19.3 | 10.6} 35.2 198.0 
ferricyanide P. | 34.1 | 29.2 136.0 410.0 
P, | 8.5 | 12.5 
Ss, | 1.4 | 0.5] 20.8 
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former. Therefore it is likely that, under these conditions at 
least, TPNH oxidation proceeds by way of a TPNH-DPNH 
transhydrogenase plus DPNH oxidase system rather than by an 
autonomous TPNH oxidase system. 

Distribution of Electron Transfer Activities within Subcellular 
Fractions—The fractionation procedure used was designed to 
protect the structural integrity of subcellular fractions. It was 
not designed to provide a homogeneous nuclear fraction. Quite 
on the contrary, the P, fraction is probably a composite of a 
number of large aggregates within the homogenate (nuclei, un- 


VIII 
Distribution of RNA and DNA in four cell fractions 


The assays were carried out as described in the text. The no- 
tation ‘‘mg./fraction’’ refers to the entire cell fraction obtained 
after homogenization of the tissue. The footnotes in ‘‘mg./frac- 
tion, corrected’’ column indicate additional RNA found during 
extractions in addition to the ‘““‘RNA extraction”’’ (i.e. the three 
extractions with n HCIO, at 0° as described by Martin and Mor- 
ton (15)). Most of this additional RNA was found only after 
extracting with buffered NaCl at 100° (7.e. the ‘‘DNA extraction’’ 
of Martin and Morton). By excess ‘‘260 my’’ absorption or ‘‘ex- 
cess phosphorus”’ is meant that which cannot be accounted for 
by the deoxyribose present. The ‘‘corrected’’ value is derived 
by adding this correction for ‘‘additional RNA”’ to that for the 
RNA fraction itself (the lowest value of the first three columns). 
For example in the case of RNA in the P, fraction of 3-day-old 
embryos the lowest value obtained is 30.8 from the phosphorus 


estimation. To this is added the 3.2 mg. found in the NaCl ex- 
traction. This value was obtained both by orcinol estimation 


and that portion of the 260 my absorption not accounted for by 
the deoxyribose estimation. 

1288 embryos were used in the analyses of 3-day-old embryos 
and the dry weights of the fractions were: P;, 2.031 gm.; Po, 1.417 
gm.; P;, 0.445 gm.; S;, 9.289 gm. 113 hearts were used in the 
analyses of 13-day-old hearts and the weights of the fractions 
were P,, 0.663 gm.; Pe, 0.700 gm.; P;, 0.627 gm.; S;, 17.314 gm. 

It must be emphasized that it is not feasible to calculate the 
composition of the various fractions in RNA or DNA on a dry 
weight basis. This is due to the fact that the weight of the 
medium used in the cell fractionation is distributed among the 
various fractions, although most of the medium ends up in §;3. 
Martin and Morton have shown that appreciable amounts of 
nucleic acid were removed by washing their silver beet particles 
free of medium. Thus it was thought unwise to wash P,, Pe, or 
P; if the total RNA and DNA was to be accounted for. 


3-day embryos 


Mg. /fraction 


| Corrected 
Mg. Mg. 
260 mp Orcinol | Total 

RNA P, 31.8 | 32.7 | 30.8 | 34.0¢ | 26.4 | 40.5 
P» 39.3 | 538.0 36.6) 40.5® | 31.4 | 48.1 
P; 5.6] 5.6 2.8 3.3 
S; 6.8 | 47.2 | 14.4 6.8 5.3 8.1 

260 mp Indole 
DNA P, 21.2 | 16.5 | 19.5 | 16.5 12.8 | 57.5 
P2 12.4 | 15.1 9.9 9.9 7.7 | 34.5 
P; 0.5 0.8 1.2 0.5 0.4 1.7 
S; 1.8/ 1.8 | 1.4] 6.3 

| 
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TABLE VIII—Continued 


13-day hearts 


| | Mg./fraction | Corrected 
Entity || Frac- 
meas tion ene 
Ph Diphen- | Mg./ . 
| 260 my | Orcinol | Total 
% 
RNA P, 11.9 | 13.4 12.3 153.0 | 45.9 
P. 10.4 | 15.7 | 11.6 12.34 109.0 | 37.2 
P; 0.5 1.7 2.1 0. 6¢ 5.4 1.8 
S; 4.5 4.9; 5.1 5.0% 44.0 | 15.1 
| 260 mu | Indole | horus | ylamine 
DNA P, 5.9 | 13.1 | 17.5 | 3.5 4.6¢ 40.7 | 48.4 
P. 5.1 8.4 7.0 2.4 3.44 29.9 | 35.8 
P; 0.2; O.8 | 3.8 0.3* 
S; 1.2 1.3 1.2 1.2 10.1) 12.6 


* Includes 3.2 mg., by orcinol and excess 260 absorption in 
DNA. 

*’ Includes 1.6 mg., by orcinol and excess 260 absorption in 
DNA, plus 2.2 mg., by complete analysis of a fourth RNA ex- 
traction. 

¢ Includes 0.9 mg., by orcinol and excess phosphorus in RNA 
water wash, plus 2.4 mg., by orcinol and excess 260 absorption in 
DNA. 

4 Includes 1.7 mg., by orcinol and excess 260 absorption in 
DNA, plus 0.6 mg., by orcinol and excess 260 of RNA water wash. 

¢ Includes 0.1 mg., by 260 absorption of RNA water wash. 

4 Includes 0.5 mg., by complete analysis of fourth RNA extrae- 
tion. 

° Includes 0.7 mg., by complete analysis of DNA, plus 0.4 mg., 
by complete analysis of RNA water wash. 

+ Includes 0.5 mg., by complete analysis of DNA, plus 0.5 mg., 
by complete analysis of RNA water wash. 

* Includes 0.2 mg., by complete analysis of DNA. 


broken cells, connective tissue). On the other hand we believe 
on the basis of microscopic and electron microscopic evidence 
that P. and P; represent more discrete subcellular particle types, 
analogues to the conventional ones found in adult tissues. It 
can be seen from Table VII that unlike embryonic lactic de- 
hydrogenase the electron transport activities are found in the 
particulate fractions of the cell. Most of the activity resides in 
the P» fraction. The occasional high values observed in the P; 
fraction may be due to contamination by P» particles. It must 
be pointed out that the total amount of P, for each fractionation 
is always several times that of the P, fraction. Thus the pre- 
dominance of total DPNH oxidase activity in the P, is even more 
striking. It is difficult to draw conclusions regarding variations 
in the fractionation of the activities. Some changes would be 
expected, since, due to the morphological differentiation taking 
place, we are continually fractionating new cell types. The 
fractionation procedure used does not appear to be as well suited 
for embryonic heart as for the other tissues studied. 

Distribution of RN A and DNA in Subcellular Fractions—Table 
VIII indicates the distribution of RNA and DNA within four 
fractions of embryo homogenates. The differences among the 
various cell fractions observed by means of enzyme assays is also 
reflected by these chemical analyses. As in the case of beet 
cytoplasmic particles (15), it appears that at least some of the 


| 
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fractions analyzed here contain two types of RNA; one ex- 
tractable by cold perchloric acid and one only by hot sodium 
chloride. It is possible that this effect is a reflection of the 
protein synthesizing capacity of embryonic tissue. In contrast 
to the particles obtained from silver beet, however, most of the 
nucleic acid found in the hot sodium chloride extract, on the 
basis of deoxyribose estimations, may be attributed to DNA. 

The relatively large percentage of RNA found in the P, frac- 
tion of both tissues tested here might be indicative of microsomal 
contamination of the P2 particles. On the other hand it may 
mean that there is a fundamental difference in the intracellular 
distribution of RNA in embryonic tissue from that found in the 
adult. 

Martin and Morton (15) found appreciable amounts of DNA 

in cytoplasmic components of silver beets. They did not at- 
tribute this to nuclear contamination. Table VIII shows con- 
siderable DNA in cytoplasmic fractions of both tissues analyzed. 
It is not possible, on the basis of data here presented, to assess 
how much of this is due to nuclear contamination. The ho- 
mogenation medium used was designed to preserve the integrity 
of intracellular particles. Since, however, little is known re- 
garding the strength of the nuclear membrane in embryonic cells 
it is difficult to predict the effect the medium may have in this 
case. 
The homogeneity of the cell fractions here described and the 
extent of contamination of one by another is under active study 
and will be reported in a future communication. For the present, 
the data of Table VIII are included only to further define the 
cell fractions used in the oxidative enzyme experiments. 


DISCUSSION 


Students of differentiation and growth have, during the years, 
focused attention on ever smaller units of biological function. 
From the early studies of gross morphological changes during 
embryonic development, interest has gradually shifted to de- 
scriptions of the physiological changes involved. While it has 
been known for some time that chick embryonic tissue could take 
up oxygen it appeared to be of interest to determine whether this 
was due to enzymes similar to those found in other tissue. That 
this was so has been indicated by the work of Spratt (37) and 
that of Duffey and Ebert (38). Earlier, both Levy and Young 
(39) and Novikoff et al. (8) had already established the existence 
of cytochrome oxidase in chick embryos. 

On the basis of the spectrophotometric enzyme assays de- 
scribed here there can no longer be any doubt that the embryo 
can carry out terminal electron transport, as other tissues can. 
This evidence is in support of the view of Warburg (40) that the 
embryo is an aerobic organism. 

The parameters for the activities measured such as effect of 
pH and substrate concentration are quite similar to those re- 
ported for adult respiratory enzymes (41, 28). The well docu- 
mented inhibitors of electron transport inhibit the corresponding 
activities of embryonic respiration. The distribution of ac- 
tivities in subcellular fractions also is similar to that found in 
adult tissue from a number of sources (42). 

A 5-day-old embryo can turn over 0.168 umole of DPNH per 
min. per embryo (Fig. 6(2)); this would be equivalent to a 
calculated Qo, of 0.168 + 12 K 0.5 X 22.4 xk 60 = 9.4. This 
is to be contrasted with an observed Qo, for 5-day embryos of 


10.5 (6). Albaum et al. (8) observed an Qo, (embryo) for cyto- 
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chrome oxidase of 0.10. This was obtained by the use of as- 
corbate in the assay system. 

Sippel (7) has measured the development of succinoxidase ac- 
tivity in chick ventricles with manometric techniques. He ob- 
tained a Qo,(N) of 260 for a 5-day-old embryo. Philips (4) has 
shown that the chick embryo contains 11 per cent dry weight 
of nitrogen. With this value the data of Sippel indicate a Qo, 
of 28.6. 

The problem of accessibility of substrate is a serious considera- 
tion in studies of particulate enzymes. It must be emphasized 
in this regard that our cell rupturing and cell fractionation 
techniques are designed to protect the structure of subcellular 
entities. On the other hand the conditions of actual assay are 
designed to make the accessibility of substrate as easy as possible. 

The respiratory enzymes here described are thus generally of 
high enough activity to account for the oxygen uptake of the 
embryo. Other respiratory mechanisms are certainly ndt ex- 
cluded, since one might argue that our preparative techniques 
release more activity than is functional in situ. The close 
similarity between our results and those of Romanoff on the 
gross oxygen uptake militate against but do not disprove this 
argument. 

It is not possible from experiments of the type reported here 
to prove a causal relationship between metabolic changes and 
other events of the differentiation processes. It may be of some 
value, however, to recall a few facts concerning the development 
of the chick which may be pertinent here. The initial increase 
in the activity of these enzymes occurs at the time that the 
heart, among other tissues, is being laid down and begins its 
contractile processes. The decline in accumulation rates after 
the fourth day may be in accord with the falling respiratory rate 
of developing cardiac tissue described by Warburg and Kubo- 
witz (43). 

The transition to the slower accumulation rates of these ac- 
tivities, at about the fourth day of development, takes place 
simultaneously with the initiation of the allantoic phase of 
respiration. The initial fusion of the chorion and the outer wall 
of the allantoic sac is followed by the development of the vascular 
network which makes it possible for the chorioallantois to func- 
tion in its respiratory capacity (44). The increased sensitivity 
of the embryo to its environment during the time of these transi- 
tions is well known (45). 

It is interesting that the deficiency of two vitamins related to 
electron transport, riboflavin, and a@-tocopherol (46-48), in ad- 
dition to other deleterious conditions, inhibit the further growth 
of the embryo at this time. The development of the vascular 
network is interfered with (35, 36). Thyroxine, which interferes 
with the appearance of the electron transport enzymes studied 
here, also manifests its morphological effect by an inhibition of 
the vascular system during the fourth day of development.! 


SUMMARY 


1. The presence of four typical electron transport activities, 
the oxidation of reduced diphosphopyridine nucleotide (DPNH), 
the cytochrome c-stimulated oxidation of DPNH, the oxidation 
of DPNH with ferricyanide as the electron acceptor, and the 
oxidation of reduced cytochrome c has been demonstrated in 
homogenates of 2- to 7-day-old chick embryos. 

1 While this manuscript was in preparation, Carey and Greville 


(49) published observations concerning the oxidative activity of 
mitochondria isolated from tissue of the chick embryo. 
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2. The specific activity of these enzyme systems first increases 
sharply with age and then declines at some time after the fourth 
day of development. 

3. The accumulation rates of the enzyme activities all follow 
a characteristic pattern: a rapid initial increase during the first 
four days of development followed by a considerably slower in- 
crease during the last three days studied. 

4. The enzyme activities are concentrated in a particulate 
fraction of the cytoplasm, P2, which sediments at centrifugal 
speeds similar to those used for adult mitochondria. 

5. The oxidation of DPNH by the Pz fraction is sensitive to 
antimycin A, Amytal, 2-alkyl-4-hydroxyquinoline N-oxide and 
cyanide. 

6. L-Thyroxine injected into the egg yolk before incubation can 
interfere with the normal elaboration of electron transport ac- 
tivities. 
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7. Data on the distribution of ribonucleic acid and deoxy. 
ribonucleic acid between the various subcellular fractions, ob. 
tained by differential centrifugation of homogenates of 3-day 
embryos and of 13-day hearts in a sucrose-polyvinylpyrrolidone 
medium, are presented. 

8. The relationship of the activities described here to terminal 
respiratory pathways and oxygen consumption by the chick 
embryo is discussed. 
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A previous paper described the use of the isolated bladder of 
the toad for the study of active sodium transport (1). The 
present paper is concerned with some aspects of metabolism of 
this membrane, namely, oxygen consumption, tissue glycogen 
content, and lactic acid production. 


EXPERIMENTAL 


Preparation of Tissue—Studies were performed on the isolated 
urinarv bladder of the toad, Bufo marinus. Animals were 
pithed and the two halves of the bladder rapidly removed 
through a ventral incision. The tissue was rinsed in Ringer’s 
solution before use. For the study of the oxygen consumption 
of various toad tissues, small intestine, stomach, heart, ventral 
abdominal skin, and skeletal muscle were used. These were 
rapidly dissected free. Stomach and intestine were slit longi- 
tudinally and rinsed clean of contents. The heart was removed 
in toto by slitting the pericardium and transecting the great ves- 
sels; the organ was cut into several pieces and the blood removed 
by rinsing in Ringer’s solution The flat sheet of abdominal 
muscle was used. 

Medium—For most experiments a frog Ringer’s solution (so- 
dium, 113.5; potassium, 1.88; bicarbonate, 2.38; chloride, 114.8 
m.eq. per |. and calcium, 0.89 mM; pH 8.1; and osmotic activity, 
213 milliosmoles per kg. of water) was used. The sodium-free 
Ringer’s solution was either a magnesium chloride-Ringer solu- 
tion (magnesium, 149.2; potassium, 2.38; bicarbonate, 2.38 
m.eq. per 1; caleium, 0.89 mm; pH, 8.0; osmotic activity 187 
milliosmoles per kg. of water and sodium, 0 by analysis) or a 
choline chloride-Ringer solution (potassium, 2.38; bicarbonate, 
2.38 m.eq. per 1; sodium, 0 by analysis; calcium, 0.89 mM; os- 
motic activity raised to 210 milliosmoles per kg. of water by addi- 
tion of a concentrated choline chloride solution, the pH of which 
had been adjusted to 8.1 with dilute KOH). When either of 
the sodium-free media was used the tissue incubated in this 
medium, as well as the paired bladder halves simultaneously 
incubated in the ordinary sodium-Ringer solution, were given 
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five to seven separate rinses of | to3 minutes each in the sodium- 
free Ringer’s solution before the tissue was placed in the War- 
burg vessels. In all experiments in which glycogen, lactate, or 
oxygen measurements were made, 0.1 mg. each of potassium 
penicillin and caleium streptomycin was added per ml. of me- 
dium. 

Analytical Techniques—Tissue glycogen was determined by 
the anthrone method after alkaline digestion of tissue (2). The 
method of Barker and Summerson (3) was used for lactie acid. 
Tissue lactate was measured after extracting and homogenizing 
the tissue with cold 10 per cent trichloroacetic acid in a Potter- 
Elvehjem tissue homogenizer. Measurements of pH were made 
with a glass electrode and a Beckman model G pH meter after 
equilibrating all solutions with room air by bubbling for 15 to 30 
minutes. Oxygen consumption was measured hy classical 
manometric techniques with the use of a Warburg apbaratus (4); 
100 to 200 mg. of tissue were used in each vessel. Sodium con- 
centrations were measured by a Baird flame photometer with a 
lithium internal standard (Baird-Atomic Instruments Inc., Cam- 
bridge, Massachusetts). Chloride was measured potentiometri- 
eally by the method of Sanderson (5). Short-circuit current 
measurements were made by the technique of Ussing and Ze- 
rahn (6). Wet tissue weights were determined after blotting 
the tissue carefully on Whatman No. 54 filter paper and weighing 
in tared vessels. Dry weights were subsequently obtained by 
drying the tissue overnight in an oven at 95°. Osmotic ac- 
tivities of the media were measured cryoscopically with a Fiske 
osmometer. Acid production by tissues under anaerobie condi- 
tions was measured indirectly in a Warburg apparatus. Tissues 
were placed in a frog-Ringer solution in Warburg vessels and 
gassed with nitrogen, and the evolution of carbon dioxide was 
measured manometrically. Any acid produced with a pK as 
low as or lower than that of lactic acid, liberated essentially its 
equivalent of carbon dioxide from the bicarbonate of the me- 
dium. 

RESULTS 

Oxygen Consumption—Table I gives values for Qo, (ul. of O» 
consumed per mg., dry weight, per hour) for toad bladder and 
for other tissues of the toad. Of the tissues tested (bladder, 
skin, liver, heart muscle, skeletal muscle, stomach, and small 
intestine), it is evident that bladder and small intestine have the 


highest rates of oxygen consumption. 
The relatively high rate of oxygen consumption by the toad 
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TABLE I 

Qo, of toad tissues 
No. of | Go," 
Tissue Measurements 
Mean Range 

5 1.42 1.31-1.81 
13 1.38 1.00-1.71 
Sea 6 0.70 0.55-0.79 
4 0.60 0.45-0.81 
6 0.47 0.40—-0.59 
7 0.45 0.33-0.55 
4 0.37 0.20-0.51 


* Qo. = ul. of O2 per mg., dry weight, per hour. 


TaBLe II 


Comparison of Qo, of toad bladder in 
presence and absence of sodium 


Mag- Cho- 

Ringer | ger | | Ringer | 

1.02 | 0.438 | —0.59 | 1.43 | 0.72 | —0.71 
1.32 0.81 —0.51 | 0.92 | 0.73 | —0.19 
1.00 | 0.42 —0.58 | 1.14 | 1.06 | —0.08 

1.27 | 0.68 | —0.59 | 1.49 | 1.05 | —0.44 

1.53 | 0.65 | —0.88 | 2.15 | 1.11 | —1.04 

1.71 | O.81 | —0.90 | 2.02 | 1.25 | —0.77 

1.11 | 0.60 | —0.51 | 1.34 | 0.93 | —0.41 

2.15 | 0.91 | —1.24 

ETERS 1.28 | 0.638 —0.65 | 1.58 | 0.97 | —0.61 

S.e. of mean dif- 

+0.06 +0.14 

TaBLe III 


Effect of added sodium on Qo, of toad bladder in sodium-free Ringer 
Fight experiments on eight paired bladder halves. 


M 
Qo, difference, of 
ours 
ist hr. | 2nd hr. | 3rd hr. 2-1 difference 
No sodium....... 0.88 | 0.81 0.73 | —0.07 | 40.04 0.1 
Sodium addedf...} 1.04 1.21 | 1.23 +0.17 | +0.02 | <0.001 


* Qo. = ul. of Oo per mg. of dry tissue per hour. 
+t Sodium added at end of Ist hour to choline- or magnesium- 
Ringer solution. 


bladder depends upon the presence of sodium ions. This is 
indicated in Table II in which a comparison is shown between the 
Qo, values for paired halves of toad bladder incubated in usual 
sodium-Ringer solution and in either a magnesium- or choline- 
Ringer solution in which all the sodium ions had been replaced 
by magnesium or choline ions, respectively. The depression of 
oxygen consumption in the absence of sodium is evident, and the 
magnitude of this depression is quite similar whether the sodium 
is replaced by magnesium or choline. 

Table III shows that this depression of oxygen consumption 
in the absence of sodium is reversible upon addition of sodium 
to the medium, and hence does not represent a direct toxic effect 
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TaB_Le IV 


Glycogen content and lactate formation: 
aerobic as compared with anaerobic 


Glycogen content Lactate production 
Experiment No. | 

Aerobic Giycogen Aerobic 

pg./meg. wel tissue ug./mg. wel tissue 
1 3.53 | 0.91 2.62 0.18 1.74 1.56 
2 3.08 1.46 1.62 0.15 1.48 1.33 
3 2.10 0.49 1.61 | 0.17 2.31 2.14 
4 1.66 1.30 0.36 | 0.21 1.28 1.07 
5 3.71 1.91 1.80 | 0.14 1.28 1.14 
6 3.28 1.97 1.31 | 0.14 | 0.94 0.80 
7 3.76 1.69 2.07 | 0.15 1.41 1.26 
8 4.04 1.66 2.38 0.49 | 0.89 0.40 
) 3.14 1.09 2.05 0.22 1.48 1.26 
Average.......... 3.14 1.39 —1.76 | 0.21 1.42 |+1.22 

S.e. of mean dif- 
ference......... | +0 .22 +0.16 
| <0.001 < 0.001 
TABLE V 


Comparison of glycogen content and lactate formation 
by toad bladder incubated anaerobically in 
presence or absence of sodium 


Twelve experiments on paired portions of bladder. 


Glycogen Lactate 
‘Sodium-|Choline-| Sodium-|Choline-| 
Ringer | Ringer Ringer | Ringer 
ug./mg. wet tissue pg./mg. wel tissue 
1.10 1.490 |—0.30 | 0.79 | 0.67 |+0.12 
S.e of mean dif- 

ference......... | +0 .082 +0 .045 
t(m = 12)......... | 3.66 2.73 
| <0.01 < 0.02 


of the choline or magnesium. The oxygen consumption of 
paired bladder halves was measured in the Warburg apparatus 
in media in which all sodium had been replaced by choline in 
seven experiments and by magnesium in one experiment. After 
an initial control period of 1 hour, sodium-Ringer solution was 
tipped into one of the paired vessels from its side arm to yield a 
final sodium concentration of one-sixth to one-fourth that of 
ordinary Ringer’s solution. The effect of this added sodium is 
to increase significantly the oxygen consumption during the 
subsequent 2 hours of measurement. The increment of stimu- 
lated oxygen consumption shown in Table III is less than the 
decrement in the absence of sodium shown in Table II. No 
attempt was made to seek an explanation for this difference be- 
cause the experimental design for the two observations differed 
considerably. The results, however, indicate a reversible de- 
pression of respiration in the absence of sodium. 

Glycogen Content—Table IV shows values for the glycogen 
content of toad bladder obtained after incubation in frog-Ringer 
solution under aerobic and anaerobic conditions for 60 minutes. 
The aerobic and anaerobic results were obtained from paired 
halves of the same bladder. In all instances the glycogen con- 
tent of the half bladder incubated anaerobically was lower than 
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that of the control half maintained aerobically. The mean 
decrement of 1.76 + 0.22 is highly significant. This indicates 
a higher rate of glycolysis anaerobically than aerobically. 

Table V shows that the rate of anaerobic glycolysis by toad 
bladder depends, at least in part, upon the presence or absence 
of sodium. The effect of incubating bladder tissue anaerobically 
for 30 minutes in the presence or absence of sodium on glycogen 
content and lactate formation in 12 experiments is shown. Two 
toads were used in each experiment; each half bladder was cut 
into four portions and the resulting 16 pieces handled together 
were given five separate rinses of 1 minute each in chilled choline- 
Ringer solution. The pieces were then randomly distributed 
between two tubes, one of which contained sodium-Ringer solu- 
tion and the other sodium-free choline-Ringer solution. After 
incubating for 30 minutes while the medium was gassed with 
pure nitrogen the tubes were immersed in ice water, then taken 
promptly to the cold room where the tissue was removed, 
blotted carefully, weighed, and analyzed for glycogen content. 
The supernatant medium was analyzed for lactate. In the ab- 
sence of sodium, less glycogen broke down as indicated by the 
higher glycogen content (1.40 wg. per mg. of wet tissue) of the 
tissue incubated in choline-Ringer solution than of that incu- 
bated in sodium-Ringer solution (1.10 wg. per mg. of wet tissue). 

Lactic Acid Production—Table IV also gives values for lactic 
acid production by the same paired halves of bladder tissue 
which were studied for glycogen content. In all but one instance 
detectable amounts of lactic acid appeared in the bathing me- 
dium during the period of aerobic incubation. In every instance, 
however, more lactic acid was produced by the half bladder in- 
cubated anaerobically. The mean value for aerobic lactate 
formation was 0.21 wg. per mg. of wet tissue and for anaerobic 
conditions, 1.42 ug. per mg. of wet tissue. The mean difference 
of 1.22 + 0.16 is highly significant statistically. A definite 
Pasteur effect is thus manifested by this tissue both for lactate 
formation and for glycogen disappearance. 

The mean decrement in glycogen content anaerobically was 
1.76 ug., and the corresponding mean value for the increment in 
lactate production was 1.22 yg. Although theoretically one 
might expect agreement between these two figures, the smaller 
value for lactate production than for glycogen disappearance 
probably arises from at least two causes. (a) The lactic acid 
was not measured in the bladder tissue but only in the bathing 
fluid, since all the tissue was utilized for the glycogen determina- 
tions. In separate experiments lactic acid content of tissue 
incubated 60 to 90 minutes anaerobically was measured after 
dropping the tissue into cold 10 per cent trichloroacetic acid and 
homogenizing. In eight determinations a mean value of 0.125 
ug. per mg. of wet tissue was obtained. Thus the lactate con- 
tent of the tissue does not wholly account for the discrepancy. 
(b) It is probable that the content of intermediate compounds of 
glycolysis increased in the tissue under anaerobic conditions. 

Table V shows that the rate of lactate production is probably 
also influenced by the presence or absence of sodium. With 
sodium present 0.79 ug. of lactate was formed per mg. of wet 
tissue weight, whereas in the absence of sodium the paired por- 
tions of tissue produced 0.67 ug. of lactate per mg. of tissue. 

Lactate Distribution—It was previously noted that the lactate 
produced anaerobically by the short-circuited isolated frog skin 
was distributed asymmetrically on the two sides of the skin, 7.e. 
more lactate accumulated in the fluid bathing the inside of the 
skin than in that bathing the outside (7). As such a preparation 
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TaBLe VI 
Anaerobic sodium transport and lactic acid 
formation by toad bladder in vitro 
Volume of fluid bathing each side of the membrane was 12.0 
ml. in each experiment except 1 and 4 in which 10.0 and 15 ml., 
respectively, were used. The dry weight equals 17.8 + 2.4 per 
cent of wet weight of tissue. 


| | Lactate 
Experiment No. Sodium transport > Dry weight 

| | Serosal Mucosal 
pmoles/3.14 cm.2/hr. pmoles/3.14 om.2/hr. mg./3.14 om? 

l | 2.51 0.98 0.28 13.7 

2 | 1.94 1.80 0.15 9.1 

3 0.97 0.12 0.00 4.2 

4 | 0.90 0.45 0.00 9.3 

5 | 0.83 0.27 0.58 7.0 

6 1.87 0.70 0.00 11.7 

7 1.46 0.60 0.19 5.6 

S 0.96 0.82 0.18 6.7 

9 1.29 0.45 0.00 7.4 


is balanced so that no chemical or electrical gradients exist across 
the skin some explanation for this asymmetrical accumulation 
of lactate seems necessary. Furthermore, since the lactate ac- 
cumulates on the same side of the skin to which sodium ions are 
actively transported it becomes of interest to determine whether 
this distribution of lactate ions is causally related to the sodium 
transport. 

Table VI shows the total lactate accumulating in the fluid 
bathing the serosal and mucosal surfaces of the isolated toad 
bladder during anaerobic periods of active sodium transport. 
The simultaneous active sodium transport from mucosal to 
serosal surfaces is also recorded as are the dry weights of the 
bladder in each experiment. Although the membrane was short- 
circuited throughout these experiments it is evident that the 
quantity of lactate accumulating on the serosal side was signifi- 
cantly greater than that on the mucosal side in every instance 
except Experiment 5. 

The presence of active sodium transport is not a requirement 
for this asymmetrical accumulation of lactate. Thus in 11 ex- 
periments shown in Table VII the bladder was incubated an- 
aerobically in a Ringer’s solution in which all sodium was re- 
placed by magnesium or choline. The lactate content of the 
bathing fluid on the serosal side was in every instance greater 
than that of the mucosal side. Determinations were made by 
flame photometry of the sodium concentration in the bathing 
medium at the end of each observation in the last nine experi- 
ments. Sodium was either undetectable or present at very low 
concentrations. Further confirmation of the absence of sodium 
in these experiments was the complete lack of demonstrable 
electrical activity exhibited by these membranes; no spontaneous 
membrane potential or short-circuit currents were detectable. 

A weak acid such as lactic acid is known to distribute itself 
according to the hydrogen ion gradient. Higher concentrations 
of total lactate should be found on the more alkaline side of a 
membrane permeable to undissociated lactic acid but imperme- 
able to the lactate ion, in order that the chemical activity of un- 
dissociated lactic acid be the same on each side. Because the 
differences between pH levels of mucosal and serosal surfaces 
that have been measured during experiments in vitro (see below) 
are small and perhaps equivocal, experiments were done in which 
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TaB_Le VII 


Distribution of lactate about bladder in ‘‘sodium-free”’ 
Ringer after 60 minutes of incubation anaerobically 


Volume of fluid bathing each side of membrane was 10.0 ml. 


Concentration 
_ |Total lactate in medium | of sodium in 
Mucosal Serosal Mucosal Serosal 
pmoles m.eq./l. mg. 
1 0.132 0.222 32.4 Magnesium 
2 0.036 0.889 93.4 Choline 
3 0.066 0.154 | 0.00 | 0.00 13.2 Magnesium 
4 0.055 0.627 0.00 0.10 60.0 Choline 
5 0.041 0.251 | 0.00 | 0.05 55.0 Magnesium 
6 0.133 0.338 | 0.00 | 0.35 70.4 Magnesium 
7 0.056 0.542 | 0.22 | 0.80 42.8 Choline 
8 0.092 0.571 0.24 | 0.96 58.2 Choline 
9 0.048 0.462 0.05 0.60 92.4 Choline 
10 0.00 0.278 0.45 0.59 24.5 Choline 
11 0.00 0.176 0.50 | 0.59 34.0 Choline 


TaB_e VIII 
Effect of pH gradient on lactate distribution about isolated toad 
bladder anaerobically in choline-Ringer solution 
The period of incubation was 60 minutes, and the volume of 
fluid bathing each side of membrane was 8.0 ml. 


Total in pH 
Mucosal | Serosal | Mucosal | Serosal 

pmoles meg. 
1 0.056 | 0.542 8.23 7.438 42.8 
2 0.092 | 0.571 $8.35 7.48 58.2 
3 0.048 | 0.462 8.07 7.22 92.4 
4* 0.049 0.392 8.45 7.88 98 .4 
5 0.0 0.278 8.68 7.86 24.5 
6 0.0 0.176 8.38 7.98 34.0 


* Sodium-Ringer solution used in this single experiment. 


TaBLE IX 
Distribution of hydrogen and lactate tons about toad 
bladder in vitro anaerobically 
Volume of Ringer solution used on each side of membrane was 
3.0 ml. except in Experiment 1 in which 8.0 ml. was used. Non- 
short-circuited membranes. 


pH | Lactate 
Experi- = Ex- 
Initial Type of Ringer 
- ro ie 
pmoles 
1 7.73) 7.72 7.85 0.096 0.578, Low bicarbonate 
2 7.74| 7.70, 7.83) 0.144) 1.061' Low bicarbonate 
3 7.40| 7.41; 7.59 0.118 0.621, Phosphate-Ringer | 7.42 
4 7.40) 7.51) 7.71) 0.228 0.732) Phosphate-Ringer | 7.45 
5 7.36) 7.12) 7.63) 0.108) 1.133) Phosphate-Ringer | 7.16 
6 7.22) 7.41) 7.67 0.139) 0.896} Phosphate-Ringer | 7.33 
7 7.51) 7.50) 7.63) 0.154) 0.201; Phosphate-Ringer | 7.39 
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the serosal bathing fluid was made definitely more acid by the 
addition of hydrochloric acid in order to determine whether the 
usual distribution of lactate would be reversed by a hydrogen 
ion gradient. Table VIII shows the results. Measurements of 
pH were made throughout the 1-hour period of incubation, and 
the final steady pH values at the end of the hour are shown jn 
Columns 4 and 5. The gradient was therefore slightly greater 
during most of the incubation period. In spite of the unfavor. 
able hydrogen ion gradient, it is apparent that the distribution of 
lactate was uninfluenced; more lactate still accumulated on the 
more acid serosal side. Membranes were not short-circuited, but 
no electrical gradient was present since sodium-free Ringer’s 
solution was used in all but one experiment. 

In a few additional experiments, the distribution of lactate 
was measured when an external electric field was impressed upon 
the membrane so as to reverse its normal polarity and make the 
mucosal side positive to the serosal. The lactate still accumu- 
lated on the serosal side against the electrical gradient. 

Hydrogen Ion Distribution—An attempt was made to deter- 
mine the distribution of the hydrogen ion produced simultane- 
ously with the lactate. First by the use of a Warburg apparatus 
a comparison was made of the CO». and lactate liberated when 
toad bladder was incubated anaerobically in a frog-Ringer solu- 
tion containing 2.7 mM of bicarbonate. In four experiments 
these two independent measures of lactic acid formation gave 
paired values as follows: 3.29 wmoles from COs: release and 3.27 
umoles from lactate measurement; and 2.94 and 3.70; 3.67 and 
3.62; and 3.19 and 3.39 umoles, respectively. Further evidence 
that all the hydrogen ion produced anaerobically by this tissue 
is attributable to lactic acid formation will be shown in Table 
[X. 

A search was next made for the hydrogen ions to learn whether 
they accumulated asymmetrically on the two sides of the mem- 
brane as does the lactate. Measurements of pH were made of 
the medium bathing each side of the bladder after a period of 1 
to 2 hours of anaerobic incubation. Hydrogen ion concentra- 
tions were compared with the total lactate that had accumulated 
simultaneously. In order to detect the small amounts of hy- 
drogen ion entering the medium the buffering capacity of the 
medium was reduced to a bicarbonate concentration of 0.714 
mM in the first two experiments shown in Table LX. Because 
the pH measurements with a glass electrode were somewhat un- 
stable in this low bicarbonate Ringer solution, the remainder of 
the experiments shown in Table IX were performed with a bi- 
carbonate-free phosphate-Ringer solution containing 1.894 mM 
disodium phosphate and 0.106 mm dihydrogen phosphate. To 
increase further the sensitivity of the measurements a special 
chamber was constructed which increased to 4.75 cm.? the area 
of membrane exposed and reduced to 3.0 ml. the volume of me- 
dium bathing each side. ‘The membrane was not short-circuited 
in these experiments. 

Table LX shows that although the lactate accumulated more 
on the serosal than on the mucosal side as usual, the hydrogen 
ion showed no such regular pattern of distribution. Comparison 
of the initial pH of the medium with that of the bathing solutions 
on each side of the membrane after incubation indicates signifi- 
cant acidification of the bathing medium. In contrast to the 
asymmetrical distribution of the lactate ion, however, the hy- 
drogen ion concentration was not regularly higher on either the 
mucosal or serosal side. Furthermore, comparison of the “‘Ex- 


pected pH”’ in the last column of Table [X with the observed pH 
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values found in the bathing medium shows a good correspondence 
between these values in all except Experiment 7. The “Ex- 
pected pH” is the calculated value that would obtain if lactic 
acid equivalent to the total lactate measured in each experiment 
were added to the total volume of phosphate-Ringer solution 
used in each experiment. This correspondence between meas- 
ured and expected pH again indicates that essentially all the 
acidification under these conditions results from lactic acid 


formation. 
DISCUSSION 


In previous observations on the active sodium transport by 
the isolated toad bladder it had been noted that this membrane 
could function for many hours in an inorganic medium without 
addition of any substrate to sustain its metabolism. The present 
study was undertaken to learn the source of energy for the active 
‘on transport in vitro and to commence a characterization of the 
energy metabolism of this tissue in relation to its active sodium 
transport system. 

The results indicate that sufficient glycogen is present within 
the membrane to supply its energy requirements. Aerobically 
the tissue has a relatively high rate of oxygen consumption which 
is dependent upon its primary activity of transporting sodium. 
Removal of sodium from the medium bathing the bladder defi- 
nitely depresses its rate of respiration. Anaerobically it sustains 
an active glycolysis which is reduced in the absence of sodium. 
These findings are consistent with the previous demonstration of 
continued active sodium transport under completely anaerobic 
conditions (1, 7). 

The unmodified “redox hypothesis” of active ion transport has 
an upper limit of four univalent ions which may be transported 
per molecule of oxygen consumed (8). This is the number of 
electrons that a molecule of oxygen can accept from the cyto- 
chrome system during aerobic metabolism. To test the actual 
relation existing between the oxygen consumption and sodium 
transport by isolated frog skin, Zerahn (9) made measurements 
simultaneously of active sodium transport and of oxygen con- 
sumption by this tissue in the absence of sodium, when no sodium 
transport could take place, and again after addition of sodium. 
From the increment in oxygen consumption and sodium trans- 
port he found that approximately 16 to 20 sodium ions were 
transported per molecule of oxygen consumed. With the mean 
figure for AQo, of 0.63 from Table II and the mean figure ob- 
tained previously for active sodium transport (1) of 0.0077 ueq. 
of sodium per mg., dry weight, per minute, one obtains a mean 
value of 16.5 sodium ions transported per molecule of oxygen 
consumed. Although this calculation utilizes mean figures sep- 
arately determined for oxygen consumption and sodium trans- 
port the result is in good agreement with those of Zerahn (9) and 
of Leaf and Renshaw (8) for isolated frog skin. 

From the results in Table VI one may calculate the number of 
sodium ions transported per molecule of total lactate formed un- 
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der anaerobic conditions. The mean sodium transport was 1.41 
eq. per 3.14 cm.? (or 8.6 mg., dry weight) per hour, and the 
total mean lactate production was 0.841 umoles for the same area, 
weight, and time, thus yielding a mean ratio of 1.7 sodium ions 
transported per lactate ion produced. From Table V one may 
estimate roughly that 20 per cent of the glycolysis anaerobically 
is involved in the active sodium transport. The ratio of sodium 
ions transported per lactate formed in consequence of the active 
sodium transport would thus be increased to approximately 8.5. 
These calculations would suggest that (in relation to high-energy 
phosphate bond production) sodium transport is even more 
efficient anaerobically than aerobically. The approximations and 
assumptions made in these calculations, however, hardly warrant 
their further discussion except that they suggest no large dis- 
crepancy between the efficiency of energy utilization by the 
sodium transporting mechanism during aerobic or anaerobic 
metabolism. 

The curious asymmetrical distribution of lactate across the 
bladder during anaerobic incubation will not be further com- 
mented upon here, since its explanation is the subject of another 
paper (10). The symmetrical distribution of hydrogen ions un- 
der the same conditions remains unexplained as yet. It does not 
imply a high degree of passive permeability of the membrane to 
hydrogen ions, since bladder urine of pH 4.92 has been measured 
in the toad when serum pH was 7.9 (both equilibrated with room 
air). In other experiments it was observed that pH gradients of 
this magnitude could be sustained across the isolated tissue for 
2 to 3 hours without appreciable change. As yet no method of 
sufficient sensitivity has suggested itself for measuring the per- 
meability of the bladder to hydrogen ions. 


SUMMARY 


Measurements have been made of the rates of oxygen con- 
sumption, glycogen utilization, and lactic acid production by the 
isolated urinary bladder of the toad, Bufo marinus, which trans- 
ports sodium actively. This tissue was found to possess a rela- 
tively high rate of oxygen consumption, of which approximately 
20 to 50 per cent was dependent upon the presence of sodium. 
The rate of glycolysis as measured by glycogen disappearance and 
lactate production was much greater anaerobically than aero- 
bically. The rate of glycolysis anaerobically appeared to be 
more rapid in the presence of sodium than in its absence. The 
lactate ion produced anaerobically was found to accumulate more 
in the medium bathing the serosal surface than in that bathing 
the mucosal surface, whereas the hydrogen ions showed no such 
asymmetrical distribution. Calculations of the ratio of sodium 
transported to oxygen consumed yield values greater than can be 
accounted for by the simple “redox hypothesis” of ion transport. 
A comparison of lactate production and sodium transport sug- 
gests no large discrepancy between the efficiency of energy 
utilization by the sodium transporting mechanism during aerobic 
or anaerobic metabolism. 
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